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SUMMARY 
The relationship between microstructure and strain hardening 
was studied for aluminum and its dilute alloys subjected to room 
temperature wire drawing deformations to the strains of 5. The 
materials studied were pure aluminum, A1-0.2Mg, A1-0.6Fe and EC 
aluminum. The additions of Mg and Fe were made to determine separately 
the effects of small amounts of soluble and insoluble alloying elements. 
Complete stress-strain curves were obtained at various wire drawing 
intervals and structures were characterized by transmission electron 
microscopy, selected area diffraction and x-ray diffraction. 
In all the alloys studied changes in either strength level or 
microstructure continued to take place to wire drawing strains of 5. 
After initial rapid strengthening, pure aluminum, A1-0.2Mg and EC 
aluminum shows continued linear hardening while A1-0.6Fe shows work 
softening at E = 2.3. The accompanying microstructures evolved, in 
all cases in the following sequence: formation of a dislocation cell 
structure, cell size refinement, subgrain formation and dynamic low 
temperature recrystallization (DLTR). The cell and subgrain structures 
are characterized by low angle boundaries and the DLTR structure by 
high angle boundaries. Although detailed microstructure studies were 
not made beyond E = 5, additional strain hardening data indicates 
saturation and possible steady state conditions at strains of 
approximately 7 for pure aluminum. This behavior differs from that 
of h igh  temperature deformation of d i l u t e  aluminum a l l o y s  where a 
s teady  s t a t e  low ang le  subgra in  s t r u c t u r e  (and cons tan t  flow s t r e s s )  
is  achieved a t  moderate s t r a i n s  and dynamic r e c r y s t a l l i z a t i o n  does 
not  occur.  
I n  t h e  materials s t u d i e d ,  d i s l o c a t i o n  c e l l  s t r u c t u r e  occurs  
i n  t h e  s i z e  range of 1 t o  0 . 4 5 ~  and subgra ins  from 0.45 t o  0 . 2 5 ~ .  
Two d i s t i n c t  modified Hall-Petch r e l a t i o n s  a r e  requi red  f o r  t h e s e  
tl'io reg ions .  The subgra ins  are less e f f e c t i v e  as s t r eng then ing  
b a r r i e r s ,  hence a s i n g l e  flow s t r e s s  v s  s u b s t r u c t u r e  s i z e  r e l a t i o n s h i p  
should no t  be  r igo rous ly  appl ied .  The s t r eng then ing  e f f e c t  of subgra ins  
p o d u c e d  dur ing  co ld  drawing is roughly equivalent t o  those produced 
by s t a t i c  anneal ing.  The s m a l l  a d d i t i o n s  o f  s o l u b l e  and i n s o l u b l e  
impur i t i e s  a f f e c t  t h e  rate of s u b s t r u c t u r e  formation and ref inement  
bu t  n o t  t h e  r e l a t i o n s h i p  between s u b s t r u c t u r e  and s t r e n g t h .  
When the  complete s t r e s s - s t r a i n  curves a t  va r ious  wire  drawing 
n 
i n t e r v a l s  are f i t  t o  t h e  Hollomon equat ion  0 = KE , K and n have been 
shown t o  be s t r u c t u r e  s e n s i t i v e  and i n s e n s i t i v e  r e spec t ive ly .  K is 
found t o  vary imrers ly  wi th  t h e  average c e l l  s i z e .  
CHAPTER I 
INTRODUCTION 
The in f luence  of d i s l o c a t i o n  s u b s t r u c t u r e  on mechanical 
p r o p e r t i e s  of a l l o y s  has long been recognized and i s  r ece iv ing  
renewed a t t en t ion .  El-51. Subs t ruc tures  formed by va r ious  mechanical 
thermal processes  have been shown t o  a f f e c t  ambient and e l eva t ed  
temperature flow s t r e s s  [ 2 ,  4 ,  7-17], ins tan taneous  c reep  r a t e  
[a, 18-21] and hi.gh cyc le  f a t i g u e  l i f e  [ 2 2 ] .  Extensive s t u d i e s  h a v e  
been c a r r i e d  ou t  i n  t h e  ho t  deformation and creep regimes on t h e  
i n t e r r e l a t i o n  between s u b s t r u c t u r e ,  s t eady  s t a t e  flow s t r e s s ,  s t r a i n  
r a t e ,  temperature and a l l o y i n g  a d d i t i o n s .  I n  a d d i t i o n  the  evo lu t ion  
of d i s l o c a t i o n  subs t ruc tu re s  wi th  smal l  t o  moderate s t r a i n s  a t  
room temperature is  w e l l  documented. An a r e a  which has rece ived  
r e l a t i v e l y  l i t t l e  a t t e n t i o n  is  t h a t  of l a r g e  s t r a i n s  (E > 1 )  a t  low 
temperatures (T < 0.3T ) where dynamic recovery is  l i m i t e d  e s s e n t i a l l y  
m 
t o  c r o s s  s l i p .  
Recent work on the  hardening and evo lu t ion  of s u b s t r u c t u r e s  
dur ing  l a r g e  s t r a i n  deformation a t  low temperature [ 9 ,  14 ,  1 5 ,  23-29] 
has h igh l igh ted  a r e a s  t h a t  warran t  f u r t h e r  i n v e s t i g a t i o n .  These 
inc lude  : 
a .  The ex ten t  of continued hardening and a s soc i a t ed  changes 
i n  d i s l o c a t i o n  c e l l  s i z e ,  shape and o r i e n t a t i o n .  
b. Di f fe rences  i n  work hardening modulus and s u b s t r u c t u r e  
refinement between BCC, FCC and HCP meta ls .  
c.  The in f luence  of t h e  type of deformation process  on 
work hardening c h a r a c t e r i s t i c s .  
d .  The in f luence  of t h e  i n i t i a l  mic ros t ruc tu re  on t h e  
subsequent harden.ing c h a r a c t e r i s t i c s  and subs t ruc tu re .  
e .  Stages of ex t ens ive  dynamic recovery and formation of high- 
angle  boundary s t r u c t u r e s  a t  very  l a r g e  s t r a i n s  a t  room temperature 
[12, 13 ,  27, 281. 
f .  The in f luence  of a l l o y i n g  a d d i t i o n s  ( so luble  and in so lub le )  
and deformation process  on Hall-Petch cons tan t  f o r  d i s l o c a t i o n  c e l l  
boundary s t rengthening .  
Most of t h e  d e t a i l e d  m i c r o s t r u c t u r a l  s t u d i e s  of low temperature,  
high s t r a i n  deformation have been conducted on BCC Fe a l l o y s .  This  
s tudy d e a l s  wi th  c e r t a i n  h igh  s t ack ing  f a u l t  energy FCC metals: 
aluminum and i ts  d i l u t e  conductor grade a l l o y s .  The o b j e c t i v e  is 
t o  provide  a b e t t e r  understanding of  t he  d i s l o c a t i o n  s u b s t r u c t u r e s  
and i t s  r e l a t i o n s h i p  t o  work hardening behavior  dur ing  heavy cold 
drawing. The samples were chosen s o  as t o  s e p a r a t e l y  e v a l u a t e  t h e  
e f f e c t s  of sma l l  a d d i t i o n s  of s o l u b l e  and i n s o l u b l e  a l l o y i n g  elements ,  
Pig and Fe r e spec t ive ly .  The work has  p r a c t i c a l  s i g n i f i c a n c e  i n  
t he  a p p l i c a t i o n  of conductor grade aluminum a l l o y s  i n  power and 
s i g n a l  t ransmiss ion  l i n e s .  S t r eng th ,  which is  a n  important  requirement ,  
can be  obtained only t o  a very  l i m i t e d  e x t e n t  by a l l o y i n g  because of 
t h e  conduc t iv i ty  requirements .  Improvements i n  mechanical p r o p e r t i e s  
a r e  t he re fo re  l a r g e l y  dependent on process ing  v a r i a b l e s ,  t he  most 
prominent of whi-ch is  t h e  drawing opera t ion .  
CHAPTER I1 
LITERATURE SURVEY 
DisJ-ocation Substructures : General - 
Mechanical-thermal processing and the formation of dislocation 
substructures as a means of controlling mechanical properties has 
recently been reviewed in detail 11-71. The combined effects of 
deformation and recovery (dynamic or static) tends to produce a 
dislocation cell or subgrain structure (a strict distinction between 
cells and subgrains is not made in the literature, but the term 
'subgrain' is generally applied to more well-defined and coarser 
structures produced at elevated temperature) which is characteristic 
of the alloy and process conditions. Ideally the parameters which 
would define the substructure are: (a) cell size, (b) cell shape, 
(c) overall dislocation density, (d) cell misorientation, (e) cell 
wall character and (f) cell interior dislocation density. The factors 
which determine these features are: (a) total plastic strain, 
(b) strain rate, (c) deformation temperature, (d) crystal structure, 
(e) composition and (f) pre-post or intermediate annealing conditions. 
Other related factors such as flow stress, stacking fault energy, 
operating slip systems, texture, etc. are dependent on these. The 
softening mechanisms and the extent to which they operate are very 
much dependent on temperature. The microstructures produced under 
s teady  s t a t e  condi t ions  a t  e l eva t ed  temperatures  ( i . e .  warm o r  ho t  
working and creep)  d i f f e r  i n  some important  d e t a i l s  from those  produced 
i n  co ld  forming. Although t h i s  work is concerned wi th  t h e  l a t t e r ,  i t  
i s  both i n s t r u c t i v e  and convenient  t o  f i r s t  cons ider  s t r u c t u r e s  
produced a t  e leva ted  temperatures .  
High Temperature Deformation 
Deformation mechanisms and r e l a t e d  mic ros t ruc tu re s  under 
hot  forming and creep condi t ions  have been ex tens ive ly  reviewed by 
McQueen and Jonas b]. The s o f t e n i n g  processes  accompanying o r  succeeding 
p l a s t i c  flow a r e :  s t a t i c  recovery,  dynamic recovery and s t a t i c  
dynamic o r  metadynamic r e c r y s t a l l i z a t i o n .  I n  t h e  case  of h igh  
s t ack ing  f a u l t  eaergy meta ls  under cond i t i ons  where dynamic recovery 
can e f f e c t i v e l y  suppress  t h e  dynamic r e c r y s t a l l i z a t i o n  (e.g. ,  low 
s t r a i n  r a t e s )  a s teady  s t a t e  dynamic equ i l i b r ium can e x i s t  between 
the  m u l t i p l i c a t i o n  and a n n h i l a t i o n  of d i s l o c a t i o n s .  A s t eady  s t a t e  
flow s t r e s s  and n i ic ros t ruc ture  c o n s i s t i n g  of equiaxed subgra ins  
i s  then maintained independent ly of t h e  t o t a l  s t r a i n .  A l l  m i c r o s t r u c t u r a l  
f e a t u r e s  remain cons tan t  from t h i s  p o i n t  i nc lud ing  t o t a l  d i s l o c a t i o n  
dens i ty ,  subgrairl s i z e ,  shape, w a l l  c h a r a c t e r  and miso r i en t a t ion .  
The s t r u c t u r e  acc:ommodates f u r t h e r  s t r a i n  e i t h e r  by boundary migra t ion  
[30] o r  by coalescence and re format ion  [5]. For a given composition 
t h e  s teady  state f low stress i s  a f u n c t i o n  of temperature and s t r a i n  
rate. Consequently t h e  a s soc i a t ed  c h a r a c t e r i s t i c  s u b s t r u c t u r e  may 
be r e l a t e d  wi th  e i t h e r  t h e  temperature co r r ec t ed  s t r a i n  r a t e  [ 21 o r  
the  modulus compensated flow s t r e s s  C2, 4 ,  131. Higher temperatures  
and lower s t r a i n  r a t e s  r e s u l t  i n  l a r g e r  subgra ins  [13, 16 ,  311. The 
h igher  temperature subgra ins  a l s o  have fewer i n t e r n a l  d i s l o c a t i o n s  
and sha rpe r  boundaries  of fewer redundant d i s l o c a t i o n s .  A modified 
Hall-Petch r e l a t i o n  has  been app l i ed  t o  r e l a t e  t h e  room temperature 
y i e l d  s t r e n g t h s  wi th  subgra in  s i z e s  developed a t  e l eva t ed  temperatures  
dur ing  the  deformation. 
where CI and d a r e  t h e  y i e l d  s t r e n g t h s  and subgra in  s i z e s  r e s p e c t i v e l y  
while  a k and m a r e  cons t an t s .  It has  been found t h a t  m gene ra l ly  
0 ' 
v a r i e s  between ?-; and 1 while  i n  most of the  ca ses  the  d a t a  f i t s  b e s t  
wi th  a va lue  of 1 [8 ,  13-15]. The va lue  of k is  a f f e c t e d  by deformation 
temperature [4 1 and a l l o y i n g  [1,5 I .  Young and Sherby [4]  have found 
t h a t  i n  FCC and B'2C Fe a s i n g l e  cons tan t  r e l a t e s  t h e  c e l l  s i z e  t o  flow 
stress independent of c r y s t a l  s t r u c t u r e  and s o l i d  s o l u t i o n  a l l o y i n g .  
For t h e  case  of aluminum a l l o y s  [ 2 ] ,  however, k has been shown t o  be 
a func t ion  of Mg content .  The a f f e c t  of a l l o y i n g  on k t h e r e f o r e  
appears  t o  depend on t h e  system. The va lues  of k f o r  g r a i n  boundaries  
a r e  normally h ighe r  than those  of subgra ins  on a p l o t  wi th  m = k. 
For s i m i l a r  c e l l  and g r a i n  s i z e s  below one micron, however, s t r eng then ing  
achieved by subgra ins  is  s u b s t a n t i a l l y  h ighe r  [ 4 ,  5 ,  81. 
Quan t i t a t i ve  models have been developed r e l a t i n g  d i s l o c a t i o n  
d e n s i t y  t o  subgra in  s i z e  by Kuhlman-Wilsdorf [ 321 and Holt [ 331 . 
Under t he  cond i t i ons  f o r  which flow s t r e s s  i s  r e l a t e d  t o  t he  s t a t i s t i c a l  
d i s l o c a t i o n  popula t ion  [13 ,  34, 351, t h e  m = 1 flow s t r e s s  can b e  
r a t i o n a l i z e d .  The va lue  of  k  f o r  room temperature y i e l d i n g  may be  
r e l a t e d  t o  t h e  sclbgrain boundary cha rac t e r  and a s soc i a t ed  source  
l eng ths  [6 ,  35-37], I d e a l l y  oo should r ep re sen t  t h e  t e n s i l e  flow 
s t r e s s  of a  s ingle  c r y s t a l  f r e e  of s u b s t r u c t u r e s  and o r i e n t e d  f o r  
p o l y s l i p  [ 20 1 . Values obtained by e x t r a p o l a t i o n  may be negat ive .  
This i n d i c a t e s  t h a t  a l though t h e  modified Hall-Petch r e l a t i o n  may 
be der ived  from va r ious  s t r eng then ing  models i t  is  s t i l l  somewhat 
empir ica l .  
Low T e m ~ e r a t u r e  Deformation 
A s  t h e  deformation temperature i s  lowered recovery mechanisms 
become l e s s  a c t i v e  w i t h  the  r e s u l t  t h a t  c e l l  s t r u c t u r e s  a r e  i nc reas ing ly  
less dependent on temperature and more dependent on t h e  type  and e x t e n t  
of deformation. Below 0.5Tm, t h e  c e l l s  tend t o  be  e longated ,  less 
w e l l  def ined ,  sma l l e r  and t h e i r  s i z e  mush l e s s  s e n s i t i v e  t o  t h e  
deformation temperature [13, 16 ,  381 . Below 0.3T recovery is  v i r t u a l l y  
m 
l i m i t e d  t o  c r o s s  s l i p  s o  t h a t  s t eady  s t a t e  i s  not  achieved except  
under c e r t a i n  condi t ions  a t  very  l a r g e  deformation [ 23, 39-49] o r  
c y c l i c  s t r a i n i n g  [501. Because of t h i s ,  t h e  e x t e n t  of c e l l u l a r  
formation and ref inement  is  very much a func t ion  of t h e  s t a c k i n g  
f a u l t  energy. 
Important d i f f e r e n c e s  e x i s t  between t h e  s u b s t r u c t u r e s  produced 
a t  high and low temperatures .  For example, t h e  s t eady  s t a t e  mic ros t ruc tu re s  
a t  e l eva t ed  templeratures r e s u l t  i n  a  f i n a l  f i x e d  c e l l  s i z e  r e g a r d l e s s  
of t o t a l  s t r a i n  whereas continued c e l l u l a r  ref inement  may occur 
t o  s t r a i n s  of 7 o r  b e t t e r  a t  room temperature depending on t h e  m a t e r i a l  
112, 23, 25, 27, 291. In addition, the cellular misorientations 
at elevated temperatures stablize at less than 10 degress 11, 51-53] 
whereas large mis;orientations [15] and high angle boundaries 112, 271 
may eventually evolve with large strains at low temperatures. In 
addition, the shape of the low temperature cells is dictated by 
the interrelation between operating slip systems, texture and external 
shape change [15!, 25, 47, 481. Finally, steady state substructures 
developed at elevated temperatures are characteristic of temperature, 
strain rate and composition only while low temperature substructures 
may depend on the starting microstructure even to relatively large 
strains 29 . These differences are compounded by the fac t  that the 
combination of dt:formation and recovery at elevated temperatures 
result in microst:ructures which can not be duplicated by low temperature 
deformation followed by annealing. 
The evolrition of dislocation substructures at low to moderate 
strains at room temperature (e.g., by tensile deformation to fracture) 
is well documented and has been reviewed by McElroy and Szkopiak [I]. 
One of the primary variables is stacking fault energy (SFE). High 
SFE metals initially form dislocation tangles ultimately link up 
into boundaries outlining reasonably well-defined cells. The cell 
structure becomes noticeable at some intermediate amount of strain 
depending on the mode of deformation and the particular alloy 
characteristics. The cellwallsconsist of rather diffuse ill-defined 
Frank networks. With further deformation this structure is refined 
and sharpened while the metal continues to harden. In the case of 
tensile deformation a stable cell size is reached from which point 
work hardening proceeds a t  a lower r a t e  as the  d i s l o c a t i o n  d e n s i t y  
cont inues t o  i nc rease .  During the  l a t e r  s t a g e  of hardening,  c e l l  
w a l l s  become sharper ,  t h e  c e l l  i n t e r i o r s  become more d i s l o c a t i o n  f r e e  
and t h e  average n i s o r i e n t a t i o n  between c e l l s  i n c r e a s e s  al though i t  
remains low (a  few degrees a t  most).  True s t eady  s t a t e  is  n o t  achieved,  
however, and t h e  t o t a l  s t r a i n  t o  f r a c t u r e  is  q u i t e  low i n  comparison 
t o  t h a t  which can b e  achieved by deformation techniques such a s  
r o l l i n g ,  swaging,, t o r s i o n ,  compression and drawing. 
The micros t ruc tureand  p r o p e r t i e s  achieved by t h e s e  and o t h e r  
l a r g e  s t r a i n  metllods appear t o  d i f f e r .  Publ ished work i n  t h i s  a r e a  i s  
r a t h e r  l i m i t e d ,  b u t  i s  a v a i l a b l e  on: w i r e  drawing i n  BCC i r o n  a l l o y s  
[13, 15 ,  24-26, 411, a u s t e n i t i c  s t e e l  [26 1 ,  Cu [26 1 and T i  1541, 
t o r s i o n a l  deformation i n  BCC Fe-Ti [231 and Cu [42] ,  compression i n  
Fe [411, Cu [44] and U [431, r o l l i n g  i n  FCC Cu base  a l l o y s  [9, 27, 
28, 551 and Al [27] ,  r o l l i n g  and w i r e  drawing i n  BCC Nb [45] and w i r e  
drawing i n  A 1  a l l o y s  [12, 29, 46, 57, 581. 
I t  is gene ra l ly  assumed t h a t  t h e  behavior  of FCC meta ls  i s  
fundamentally d i f f e r e n t  from BCC meta ls  a t  l a r g e  s t r a i n s  because of 
the e x t e n t  of dynamic recovery dur ing  deformation. Severa l  au tho r s  
[26, 42, 44, 491 .have ind ica t ed  t h a t  a s teady  s t a t e  mic ros t ruc tu re  
and hardness  a r e  reached a t  l a r g e  s t r a i n s .  The work of Nut t ing  e t  a l .  
[9  1 f u r t h e r  sugges ts  t h a t  s u b s t r u c t u r a l  development t akes  p l a c e  i n  
f a i r l y  d i s t i n c t  s t a g e s  a s  fol lows:  t h e  formation of c e l l s ;  s t r a i n  
induced recovery wi th  i n c r e a s i n g  miso r i en t a t ion  t o  5-10'; formation 
of n e a r l y  d i s l o c a t i o n  f r e e ,  equiaxed small g r a i n s  wi th  high-angle 
boundaries;  s t r a i n  induced g r a i n  growth. The las t  two s t a g e s  are 
equiva len t  of s t r a i n  induced r e c r y s t a l l i z a t i o n  (beginning a t  around 
s t r a i n  of 5) and a r e  accompanied by so f t en ing  and changes i n  work 
hardening parameters.  
These r e s u l t s  taken c o l l e c t i v e l y  may be summarized a s  follows: 
a .  Texture development, subgrain formation and macroscopic 
shape changes a r e  i n t e r r e l a t e d .  Consequently d i f f e r e n t  s u b s t r u c t u r a l  
d e t a i l s  and hardening behaviors  can be  achieved a t  same equ iva l en t  
s t r a i n s  by vary ing  e i t h e r  t h e  deformation mode o r  t h e  a l l o y .  
b. It i s  p o s s i b l e  t o  o b t a i n  continued hardening without  
s a t u r a t i o n  ( e . g . ,  by wire  drawing BCC Fe) t o  t h e  h ighes t  s t r a i n s  of 
10. Hardening is  accompanied by continued ref inement  of c e l l  s i z e  
and inc reas ing  miso r i en t a t ion  t o  very  l a r g e  angles .  
c .  Achievement of s t eady  s t a t e  cond i t i ons  a f t e r  l a r g e  low 
temperature s t r a i n s  have been shown and may be a  genera l  a f f e c t  i n  
FCC meta ls  ( inc luding  wire  drawing).  FCC meta ls  a l s o  show evidence 
of work so f t en ing  a t  high s t r a i n s  which may be a s soc i a t ed  wi th  low 
temperature dynamic r e c r y s t a l l i z a t i o n  19, 27, 281. 
d .  The t e n s i l e  s t r e n g t h  of heav i ly  deformed specimens can 
be r e l a t e d  t o  a  modified Hall-Petch equat ion  s i m i l a r  t o  t h a t  f o r  
subgra ins .  Fixed va lues  of 0 k and m can be made t o  f i t  s t r u c t u r e s  
0' 
produced over  a  v i d e  range of s t r a i n s  i n  a given m a t e r i a l s  (e .g . ,  
s t r a i n s  from 0 t o  7 i n  Fe).  A value  of -1 f o r  m can be app l i ed  t o  
a  v a r i e t y  of s t r u c t u r e s  i nc lud ing  those  conta in ing  c e l l s  of high 
miso r i en t a t ions  [12, 14,  15, 24, 2 5 ,  291. 
e .  The c h a r a c t e r  of c e l l  wa l l s ,  and t h e r e f o r e  the  va lues  
of a and k may change wi th  t h e  mode of deformation, composition o r  
0 
pos t  anneal ing.  Within a g iven  a l l o y  they  may a l s o  be a f f e c t e d  by t h e  
i n i t i a l  mic ros t ruc tu re  a t  l e a s t  t o  t h e  s t r a i n s  of n e a r l y  3  1291. 
Inf luence  of Texture 
The in f luence  of t e x t u r e  and mode of deformation on t h e  
s u b s t r u c t u r e  a t  h igh  s t r a i n s  has  no t  been analyzed i n  d e t a i l  a l though 
c e r t a i n  p o i n t s  have been c l a r i f i e d .  The fol lowing f a c t o r s  must be 
considered a s  we l l  a s  t h e i r  interdependence: ( a )  The macroscopic 
shape change dur ing  deformation, (b) un i formi ty  of deformation and 
a s soc i a t ed  redundant s t r a i n  [59] ,  ( c )  t h e  r a t e  of dynamic recovery,  
(d) e f f e c t  of t e x t u r e  i n  conjunct ion  w i t h  (a) - (c) on t h e  formation 
of t he  s u b s t r u c t u r e  and (e)  e f f e c t  of t e c t u r e  as a n  o r i e n t a t i o n  
f a c t o r  on t h e  s t r e n g t h  dur ing  deformation. The example of wi re  
drawing i n  BCC Fe i s  reasonably c l e a r  [15, 251. 
A s t r o n g  <110> f i b e r  t e x t u r e  r e s u l t s  i n  s l i p  being favored 
i n  two d i r e c t i o n s  s o  t h a t  p l a s t i c  flow can occur l o c a l l y  by p l a i n  
s t r a i n  condi t ions .  The axisymmetric microscopic flow is  accommodated 
by t h e  formation. of e longated c e l l s  which a r e  c o n t i n u a l l y  r e f i n e d  
through t h e  proc.ess of polygonizat ion and tend toward pure tilt 
boundaries  of 90O miso r i en t a t ion  [14]. This  i s  accompanied by 
continued l i n e a r  hardening t o  t h e  s t r a i n s  of 7. On t h e  o t h e r  hand 
when t h e  mode of deformation i s  changed from wire  drawing t o  t o r s i o n  
o r  compression, BCC i r o n  t ends  t o  approach a s t eady  state s t r e n g t h  
and s t r u c t u r e  [03, 47, 48, 541. Young, Anderson and Sherby have 
compared t h e  t e n s i l e  flow stress f o r  a  given c e l l  s i z e  under t o r s i o n  
and w i r e  drawing. It r e s u l t s  i n  t h e  same flow stress under tens ion .  
Thus it is speculated that texture influences the substructure but 
does not contribute directly to the strength in the case of BCC iron. 
This has been explained on the basis of redundant strain associated 
with the different modes of deformation. Attempts are being made to 
explain the phenomenon on the basis of total equivalent strains, but 
none of these methods result in an ideally homogeneous deformation. 
Relationship of Substructure to Tensile Flow Stress 
This subject has been discussed by various investigators in 
some detail; however, much of the experimental and theoretical work 
relates to cell or subgrain boundaries produced either by high 
temperature steady state conditions or low temperature light deformation. 
For structures produced by large strains at low temperature it has 
been shown that initial yielding can be correlated with a modified 
Hall-Petch equation for which m = 1 (eq. 1) [12, 14, 15, 23-25, 29, 
57) .  Various interpretations may be placed on k and m regarding cell 
boundary character. 
The correlation of flow stress with an expression of the 
form of equation 1 is an oversimplification of the work hardening 
characteristics of polycrystalline materials [34, 601. It may be 
derived from an association of the mean slip length (A  ) with cell 
s 
size, however a functional relationship between X d and E would 
s 
be needed for a description of the complete stress-strain curve. 
Thompson and coworkers [34] have shown that As asymptotically approches 
the measured cell diameter during tensile testing of high stacking 
fault FCC metals. This is an indication that cell boundaries tend 
toward impenetrable  b a r r i e r s  wi th  inc reas ing  s t r a i n .  Langford and 
Cohen [15] have developed a n a l y s i s  f o r  t e n s i l e  y i e l d i n g  i n  c e l l  
s t r u c t u r e s  developed through l a r g e  s t r a i n s .  I n  t h e i r  a n a l y s i s  t h e  
mic ros t ruc tu re  c o n s i s t s  of a mixture of pene t r ab le  and impenetrable  
c e l l  boundaries d i f f e r e n t i a t e d  by some c r i t i c a l  mi so r i en t a t ion  angle .  
Their  s t r e n g t h  c o n t r i b u t i o n s  were eva lua ted  and added i n  such a way 
as t o  be c o n s i s t t ~ n t  w i th  t h e  modified Petch r e l a t i o n .  
Another approach t o  t e n s i l e  y i e l d i n g  i n  well-defined subgra in  
(or  c e l l )  s t r u c t i l r e s  i s  t o  r e l a t e  shear  flow stress T t o  t h e  d i s l o c a t i o n  f 
source l e n g t h  of t h e  boundary [ 6 ,  32, 37, 611: 
where b is  t h e  Burger 's vec to r ,  K '  t h e  p r o p o r t i o n a l i t y  cons t an t ,  G 
is shea r  modulus and R t h e  d i s l o c a t i o n  source  l eng th .  Such a n  
s 
a n a l y s i s  obviously r e q u i r e s  d e t a i l e d  knowledge of boundary c h a r a c t e r  
and t o  d a t e  has  'been used only semi-quant i ta t ive ly .  
There has been ex tens ive  work done i n  t h e  use  of Hollomon 
equat ion  f o r  f i t t i n g  t h e  t e n s i l e  s t r e s s - s t r a i n  curves of d i f f e r e n t  
g r a i n  s i z e s  [62].  The Hollomon equat ion  i n  i ts  s imples t  form is 
descr ibed  as fo l lows:  
where o is  the  t r u e  stress, e i s  t h e  t r u e  p l a s t i c  s t r a i n  whi le  K 
P 
and n a r e  cons tan ts .  Morrison i n  h i s  t rea tment  w i th  s e v e r a l  d i f f e r e n t  
s t e e l s  r e l a t e d  t h e  s t r eng then ing  exponent 'n '  and c o e f f i c i e n t  'K'  t o  
gra in  s i z e  and obta ined  a r e l a t i o n  between these  parameters.  I n  
c e r t a i n  cases  he observed t h a t  t h e  s t r e s s - s t r a i n  curves could be 
b e s t  f i t t e d  wi th  two va lues  of n i n s t e a d  of one. The two va lues  of 
n were explained i n  terms of t h e  d i f f e r e n c e s  i n  mic ros t ruc tu re  where 
f i r s t  n corresponds t o  equiaxed subgra ins  whi le  second n is  cha rac t e r i zed  
by t h e  formation of e longated subgra ins  i n  t h e  d i r e c t i o n  of t h e  t e n s i l e  
a x i s .  K was found t o  be  s t r u c t u r e  s e n s i t i v e .  An i n v e r s e  p r o p o r t i o n a l i t y  
w a s  e s t a b l i s h e d  between K and g r a i n  s i z e .  Cairns  e t  a l .  [ 9 ]  observed 
t h a t  K and n were s t r u c t u r e  s e n s i t i v e  i n  pure  Cu where a sys t ema t i c  
v a r i a t i o n  i n  K and n r e l a t e d  t o  t h e  changes i n  s u b s t r u c t u r e  dur ing  
drawing. The Hollomon cons t an t s  have no t  been r e l a t e d  t o  cel l  s i z e s  
so  f a r  i n  t h e  l i t e r a t u r e .  This  w i l l  b e  a n  area t h a t  w i l l  be explored 
i n  t he  p re sen t  i ~ ~ v e s t i g a t i o n .  There have been many modi f ica t ions  
t o  t h e  Hollomon equat ion  made t o  d a t e  [63 - 681. 
E f f e c t s  of Alloying Addit ions 
The e f f e c t  of a l l o y i n g  elements i n  s o l i d  s o l u t i o n  i n c r e a s e s  
the y i e l d  s t r e n g t h ,  r e f i n e s  the  mic ros t ruc tu re ,  o f f e r s  r e s i s t a n c e  
t o  t he  r o t a t i o n  and motion of subgra ins  [58] and lowers t h e  SFE of  
t h e  metal  which reduces c r o s s  s l i p .  However, i n  some a l l o y s  t h e  
s o l u t e  atom has e i t h e r  no a f f e c t  o r  even i n c r e a s e s  t h e  nea tnes s  
and c e l l  s i z e  1171 e.g. ,  i n  A1-Mg [69] ,  Ni-Fe [70] ,  Ni-base supe ra l loys  
[71] and some i r o n  a l l o y s  having S i ,  C r  and N i  [72] .  I n  t h e  c a s e  
of A1-Mg system, Mg a l s o  i n c r e a s e s  t h e  r e s i s t a n c e  t o  annea l ing  by 
t h e  formation of s o l u t e  atmospheres 1731. The a d d i t i o n  of s o l u t e s  
i n  s o l i d  s o l u t i o n  lowers  t h e  s t a c k i n g  f a u l t  energy of  t h e  m e t a l  which 
de lays  t h e  formation of d i s l o c a t i o n  t ang le s  and c e l l s  t o  r e l a t i v e l y  
h igher  s t r a i n s  dur ing  t h e  deformation process .  A1-0.2Mg a l l o y  w i l l  
be s tud ied  i n  t h i s  i n v e s t i g a t i o n  t o  fo l low t h e  changes i n  s u b s t r u c t u r e  
due t o  t h e  presence of s o l u t e s  i n  s o l i d  s o l u t i o n  dur ing  w i r e  drawing 
deformation a t  room temperature.  
I n  t h e  presence of d i spe r sed ,  incoherent  second phase p a r t i c l e s  
i n  a l l o y s ,  t h e  c e l l  s i z e  i s  a func t ion  of d i s p e r s i o n  spac ing  [17] .  
These p a r t i c l e s  can reduce t h e  process  of coalescence of c e l l  boundaries  
dur ing  annea l ing  due t o  pinning of t h e  c e l l  w a l l s  [57] .  The e f f e c t  of 
t hese  p a r t i c l e s  is  t o  reduce t h e  c e l l  s i z e  and inc rease  t h e  d i s l o c a t i o n  
density during the  deformation. Uniform distribution of t h e  p a r t i c l e s  
has  been shown t o  be  an important  f a c t o r  f o r  t h e  product ion of small  
and s t a b l e  subgra in  s t r u c t u r e  i n  an  Al-Fe-Co system [58] dur ing  w i r e  
drawing. I ron  hias e s s e n t i a l l y  no s o l u b i l i t y  i n  aluminum, al though 
as much as 0.17% can be  r e t a i n e d  i n  s o l u t i o n  du r ing  r ap id  s o l i d i f i c a t i o n ,  
and forms s t a b l e  i n t e r m e t a l l i c  compound FeA13 (FeA16 i s  an uns t ab le  
compound formed dur ing  r ap id  s o l i d i f i c a t i o n  of t h e  a l l o y  from t h e  mel t ) .  
Deformation dur ing  wire  drawing of an  A1-O.6OFe a l l o y  w i l l  be s tud ied  
i n  t h i s  i n v e s t i g a t i o n  i n  o rde r  t o  fo l low t h e  changes i n  s u b s t r u c t u r e  
due t o  t h e  presence of second phase p a r t i c l e s .  
Summary: Large S t r a i n ,  Low Temperature Subs t ruc tu re  Strengthening 
From t h e  previous  d i scuss ion  i t  is  c l e a r  t h a t  c e r t a i n  ques t ions  
regard ing  l a r g e  s t r a i n ,  low temperature deformation remain t o  be  answered. 
The primary ques t ions  a r e :  
i) Are there fundamental differences between BCC, FCC, and 
HCP metals in the large strain region? (e.g., is the achievement of 
a steady-state structure or the onset of dynamic recrystallization 
at large strains truly characteristic of FCC metals or simply a function 
of the deformation mode?) 
ii) To what extent are the structure and hardness at large 
strains affected by the mode of deformation and the stacking fault 
energy? 
iii) To what extent do cellular refinement shape change and 
misorientation continue with deformation? Are steady-state micro- 
structures or the equivalent of dynamic recrystallization achieved 
at large strains'? 
iv) How do parameters from modified Hall-Petch and Hollomon 
relations (obtained from interval tensile tests) correlate with 
microstructure and strain? Do they change discontinuously with strain 
and thereby indicate distinct stages of microstructural development? 
Are different values required for structures produced by different 
types of deformation? 
v) What is the contribution of texture strengthening as an 
orientation factor, to the tensile flow stress and how much is 
attributable to the substructure per se? -- 




D i l u t e  a l l o y s  of aluminum, A1-0.2Mg and A1-0.6Fe, were 
prepared from high p u r i t y  aluminum i n  t h e  form of a rod of 3/8 
inch diameter .  I'he rods were cold  drawn on a set of d i e s  t o  o b t a i n  
a f i n a l  reduct ion  corresponding t o  a t r u e  s t r a i n  of 4.95 and wire  
diameter  of 0.032 inch.  Severa l  in te rmedia te  r educ t ions  were taken 
during wire  drawing and t e s t e d  under tension f o r  mechanical properties. 
Complete t e n s i l e  s t r e s s - s t r a i n  curves were obta ined  f o r  each r educ t ion  
i n  wire  drawing. The s u b s t r u c t u r a l  d e t a i l s  were examined us ing  o p t i c a l  
microscopy and TEM. Wire t e x t u r e  w a s  determined by t h e  use  of x-ray 
t ransmiss ion  p inhole  p a t t e r n s .  D e t a i l s  of t h e s e  experimental  procedures  
w i l l  b e  descr ibed  i n  t h i s  s ec t ion .  
Alloy P repa ra t ion  
The s t a r t i n g  m a t e r i a l  f o r  each a l l o y  except  commercial grade 
e l e c t r i c a l  conductor aluminum was 99.999% pure aluminum. The a l l o y i n g  
a d d i t i o n s  were made i n  t h e  form of master a l l o y .  The high p u r i t y  
aluminum was melted i n  an induc t ion  furnace  us ing  95% pure alumina 
c ruc ib l e .  Af t e r  t h e  complete mel t ing  w a s  ensured,  t h e  a l l o y i n g  
a d d i t i o n s  were made and s t i r r e d  w e l l  t o  enhance complete homogenisation 
of t h e  a l l o y .  The m e l t  was poured a t  a temperature of 1350°F i n t o  
a m e t a l  mould. The r e s u l t  of t h e  c a s t i n g  was a b a r  of  12; inches  i n  
diameter and 16 i.nches in length. This cast bar was hot rolled 
resulting in a product of 3/8 inch diameter rod. These rods were 
annealed for 3 hours in a furnace at 800°F and the samples were air 
cooled. The spec:troscopic analysis in Table 1 indicates the final 
compositions of the four materials used in this study. The compositions 
are given weight percents. 
The air cooled rods of 3/8 inch diameter were drawn on a 
one die drawing machine at 42 feet per minute. Heating of the wires 
during wire drawing was minimized by the continuous flow of the 
lubricant oil at the inlet tip of the die. The dies were made of 
silicon carbide with an approach angle of 16 degrees. 
Mechanical Testing 
Tensile t:ests were conducted on an Instron machine (model no. 
1251) at a crosshead speed of 2 nnn/minute. A strain gage extensometer 
with one inch gage length and capable of recording 50% elongation 
was used for the determination of stress-strain curves. A minimum of 
three stress-strain curves with failure inside the extensometer were 
obtained for each sample. 
Optical and Transmission Electron Ydcroscopy 
The samples to be examined under optical microscope were 
mounted in quick mount in order to minimize the heating involved 
in the conventional bakelite mounting. After mechanically polishirlg 
on a series of coarse grit papers, the final mechanical polishing 
was performed on a vibromat using 0.05 micron alumina powder in 
water i n  t h e  form of paste.  To minimize t h e  f i n e  scra tches  on the  
surface  of the specimen, and e lec t ropo l i sh ing  treatment was given t o  
the  samples using a so lu t ion  of n i t r i c  ac id  and methanol i n  t h e  r a t i o  
of 1:3 a t  20 v o l t s  f o r  f i v e  seconds. A l l  t h e  o p t i c a l  microscopy was 
performed on an anodized surface .  The anodizing w a s  done i n  a so lu t ion  
of 4.5% by volume of hydrofluroboric ac id  i n  water using lead cathode 
a t  20 v o l t s .  The o p t i c a l  microscopy was performed on a Vickers 
metallograph equipped with polarized l i g h t .  
The f o i l s  from t h e  cross  sec t ion  of t h e  w i r e s  were made by 
c u t t i n g  small d i s c s  of near ly  0.020 inch th ick  wi th  Buehler Isomet 
Low Speed saw.  The d i s c s  were mechanically thinned t o  a thickness 
of 0.012 inch. These wafers were dimpled on both s i d e s  using a jet  
pol ishing apparatus. The so lu t ion  used f o r  dimpling w a s  a mixture 
of n i t r i c  ac id  and methanol i n  t h e  r a t i o  of 1 :3  a t  300 v o l t s .  The 
r e s u l t i n g  thickness from t h e  dimpling w a s  about 0.002 inch i n  t h e  
center  of the  wafers. The f i n a l  e lec t ropol ishing was performed i n  
the  same so lu t ion  a t  14 v o l t s .  The e l e c t r o l y t e  was cooled t o  less 
than -20°C. S t a h l e s s  s te l l  was used a s  a cathode. The e lec t ro -  
polishing was stopped as soon a s  a small hole appeared i n  the  center  
of the  f o i l ,  a f t e r  which t h e  f o i l  was c a r e f u l l y  washed i n  c h i l l e d  
methanol. The subst ructures  of t h e  f o i l s  were analysed by the  
standard TEM methods of b r i g h t  f i e l d  imaging and se lec ted  a r e a  
d i f f r a c t i o n  (SAD) pa t t e rns .  The e lec t ron  microscopy was performed 
using both Siemens Elmiskop 1 A  and JEOL microscopes equipped with 
a double s t age  t i1 , t ing  device. 
Wire Texture Determination 
The texture of the wire was determined by taking several 
x-ray transmission pinhole patterns. The pinhole patterns were taken 
on both as drawn and polished surfaces of the wire. The wire axis 
was kept perpendicular to the x-ray beam. Mo radiation at 50kv and 
40mA was used to get the pinhole patterns. 
TABLE 1 
Spectrograph Analysis (in % weight) 
Fe - Ni - Zn - Mn - 
Pure Aluminum (0.005 <0.001 <0.002 <0.001 
Al-0.2Mg <0.005 <0.001 c0.003 <0.001 
A1-0.6Fe 0.640 <0.001 c0.003 <0.001 
EC Aluminum 0.075 0.003 0.009 0.002 
Si - Ti - v - 3s 
Pure Aluminum c0.003 <0.001 <0.003 <0.001 
A1-0.2Mg C0.003 <0.001 C0.002 0.002 
A1-0.6Fe <O. 003 <O ,001 <O. 002 <O. 001 
EC Aluminum 0.050 0.001 0.002 0.001 
CHAPTER IV 
RESULTS AND DISCUSSION 
The strain hardening and substructural changes during wire 
drawing of high purity aluminum, A1-0.2Mg, A1-0.6Fe and EC aluminum 
is discussed in this section. Hardening up to true strains of 4.95 
will be related to microstructural details such as subgrain sizes, 
boundary character, misorientation angles and textures. Finally 
a model describing various stages of substructures and the relationships 
to tensile flow stress will be presented. 
Pure Aluminum 
The starting material for the high purity aluminum study 
was a rod of 318 inch diameter which had been hot rolled and fully 
annealed. Figure 1 is an optical micrograph of a longitudinal 
section of this rod showing it to be fully recrystallized. Figure 
2 is an electron micrograph showing the dislocation configuration 
around a grain boundary. It indicates a complete absence of cells 
for the starting condition. 
The rod was cold drawn (see experimental procedures for 
details) to obtain a final reduction corresponding to a strain 
of 4.50 and wire diameter of 0.040 inch. Figure 3 illustrates 
the strain hardening envelope obtained from tensile tests conducted 
Figure 1. Optical Micrograph of Pure Aluminum Rod, 
Annealed for 3 Hours at 800°F, on its 
Longitudinal Section X40 
Figure 2. TEN of Pure Aluminum Rod, Annealed for 3 
Hours at 800°F, on its Transverse Section 
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F i g u r e  3 .  S t r a i n  Hardening Envelop of  Cold Drawn Pure  Aluminum 
at various drawing intervals. The 0.2% yield strength increases 
very rapidly in the initial stages up to a strain of 0.5. Between 
strains of 0.5 to 1.5 the hardening rate continues to decrease 
and finally a constant hardening rate up to a total strain of 4.5 
is observed. The strain hardening modulus for pure aluminum 
(1.0 KSI) in the high strain region is found to be extremely low 
when compared with Fe [25] and Cu 193 where values of 20.5 and 7.5 
KSI respectively have been reported. Unusual hardness fluctuations 
in aluminum after a reduction of 75% thickness have been reported 
by Howard [56]. Another study on cold rolling of aluminum [27] 
indicates a decrease in tensile strenth after a strain of 3. 
Differences between these results and the present study may be 
due to either the purity of aluminum or adiabatic heating during 
the deformation. 
Microstructural characterization during wire drawing was 
carried out by both optical microscopy and TEM. Fine microstructural 
changes could not be resolved optically after a strain of 1 and 
were carried out exclusively by TEM in this region. For very low 
strains, the opt.ica1 micrographs showed elongation of grains in 
direction of wire drawing and inhomogeneous microstructures which 
are characteristics of the deformation process. A distinct cell 
structure was observable by TEM only after a strain of 0.5. The 
cell size variations over the entire strain range up to 4.5 is 
shown in Figure 4. The bars indicate the maximum and minimum 
observed values of cell sizes. Between strains of 0.5 to 1.5 the 
Pure Aluminum 
True Wire Drawing Strain 
Figure 4. Variation of Cell Size as a Function of True Wire 
Drawing Strain in Pure Aluminum 
cell size decreases with increasing strain. Figure 5 shows the cell 
structure characteristic of these strains. Along with the decreasing 
size there is a sharpening of the boundaries. After a strain of 
1.5 the average size almost remains essentially constant up to the 
strain of 4.5. Although the average cell size remains constant 
during this stage the boundary character does not. Some of the 
boundaries show a distinct sharpening to appear as high angle 
boundaries while other apparently newly formed boundaries are 
similar in appearance to those at E = 0.5. The dual character is 
indicative of the competition between deformation, dynamic recovery 
and dynamic low temperature (DLT) recrystallization during a 
stage of linear hardening and constant average cell size. All 
the alloys in this study exhibited DLT recrystallization and the 
formation of high angle boundaries at high strains. The term 
"cell" will continue to be used for simplification although the 
boundaries in the high strain region are a mixture of cell, subgrain 
and grain. These stages will be discussed more fully in following 
sect ions. 
From a comparison of the strain hardening and cell size 
curves it appears that structure-property changes during room 
temperature drawing of high purity aluminum occurs in stages. 
It is clear that no general Petch-type relationship can be 
established over the full range of strains investigated due to 
changes in one or more of the following: (i) cell boundary 
character, (ii) cell misorientation, or (iii) texture. Factors 
Figure 5 .  TEM of Transverse Sections of Cold Drawn Pure 
Aluminum with Wire Drawing Strains of (a) 0 .5 ,  
(b)  1.5 and (c) 4 . 5  
(i) and (ii) are related, i.e., they do not vary independently. 
Steps were taken to evaluate items (ii) and (iii) as they relate 
to the observed stages of deformation. 
Electron diffraction patterns were taken on different samples 
in the strain range of constant cell size to determine qualitative 
changes in the misorientation between the cells. It was observed 
that for strains less than 1.5, cell boundaries were generally 
low angle while as the strain increased the misorientation between 
the cells increased substantially to produce high angle boundaries. 
An example of thls behavior is illustrated in Figure 6 where SAD 
patterns were taken on samples with same cell size but different 
strains at similar magnification and SAD aperture size. Figure 
6(a) taken from a sample with E = 1.47 shows essentially a single 
crystal (hkl) pattern. The spots show slight elongations and 
splitting characteristic of a microstructure consisting of low 
angle boundaries. Figure 6(b) taken from a sample with E = 4.5 
consists of spotty diffraction rings, characteristic of a 
polycrystalline structure with high angle boundaries. Since the 
diffraction patterns were taken on samples of equivalent cell 
sizes, these results indicate that the strain increases from 
1.5 to 4.5 while the cell size remains constant. Selected area 
diffraction (on individual cells) was used to determine the extent 
of misorientatioil between adjacent cells in the high strain region. 
It was observed that misorientation angles between the cells range 
from 1 degree to as high as 25 degrees for E > 1.5. More detailed 
Figure 6 .  SAD Patterns of Cold Drawn Pure Aluminum Having 
L = 0.6~ and True Wire Drawing Strains of (a) 1 . 5  
and (b) 4 . 5  
studies would have to be made to determine the real statistical 
misorientation distribution and how it changes with strain. 
It has been noted that for high temperature deformation of 
aluminum a steady state (1) is reached where cell size and strength 
remain constant and the misorientation angles stablize at less than 
10 degrees. The present work shows that deformation at room 
temperature resu1.t~ in contined strengthening and increase in 
misorientation to high angles while the cell sizes reach a limiting 
value up to a strain of 4.5. The formation of high angle boundaries 
during low temperature deformation has previously been reported 
for A1 [9, 121 and for BCC Fe 1151. 
The possibility that significant changes in the character of 
the texture might also be important in the strengthening of pure 
aluminum in high strain region was explored by the use of x-ray 
transmission pin-hole patterns. A simple <Ill> fiber texture persists 
from a strain of 1.5 to 4.5. The patterns show a general sharpening 
but no variation in the type of texture. This result is not 
surprising for pure aluminum but should be noted for comparison 
with the alloy samples in later sections. The sharpening of the 
texture is consistent with the observed increase in cell misorientation, 
Young, Anderson and Sherby [23]  speculated that in the case of 
BCC iron the texture influences the substructure but does not 
contribute directly to the strength. Such a statement can not 
be verified for aluminum since no attempt was made to determine 
quantitatively the strengthening component due to texture as an 
or ien ta t ion  fac to r  because of t h e  poor reproduc ib i l i ty  of the  
pinhole pa t t e rns .  
The microstructure and hardening behavior of high p u r i t y  
aluminum during w i r e  drawing a t  room temperature can be summarized 
t o  t h i s  point  a s  follows: 
1. Rapid s t r a i n  hardening occurs with i n i t i a l  deformation. 
The s t r a i n  hardening diminishes continuously and e n t e r s  a l i n e a r  
s t age  a t  E = 1.5. Linear hardening continues without s a t u r a t i o n  
to  a s t r a i n  of 4.5. The s t r a i n  hardening modulus i n  the  l i n e a r  
hardening s t age  i s  approximately 1.0 KSI ,  a very low value i n  
comparison to  previously reported vlaues on BCC Fe and FCC Cu. 
2 .  The i n i t i a l  rapid hardening i s  associa ted  with the  
formation and refinement of a d i s loca t ion  c e l l  s t r u c t u r e .  A 
recognizable c e l l  s t r u c t u r e  appears a t  a s t r a i n  of 0.3. The 
c e l l  s i z e  decreases continuously (as  the s t r a i n  hardening r a t e  
decreases) t o  E -" 1.5. From t h i s  point  on t h e  average "cel l"  
s i z e  remains constant  and subsequent l i n e a r  hardening i s  associa ted  
with increased boundary misorientat ion and associated changes i n  
boundary character .  There i s  no cons i s t en t  Petch-type re la t ionsh ip  
between y ie ld  s t r eng th  and c e l l  s i z e  which i s  v a l i d  over the  f u l l  
range of s t r u c t u r e s  from E = 0.5 t o  E = 4.5. 
3. For s t r a i n s  less than 1 .5 ,  the  c e l l  boundaries a r e  e n t i r e l y  
low angle i n  character .  Misorientat ion angles of the ex i s t ing  
c e l l  boundaries i.ncrease from a s t r a i n  of  1 .5  t o  4.5, u l t imate ly  
approaching high angle boundaries. I n  addi t ion  some low angle 
boundaries continue to form at high strains so that the structure 
exhibits a duplex boundary character. 
4. A single <Ill> fiber texture develops and continues 
to sharpen from a strain of 1.5 to 4.5. 
Results similar to these have been reported [55] for cold 
rolled Cu where strengthening increases up to 80% R.A. while 
the cell sizes sta.blize after 50% R.A. An important difference 
should be noted between this behavior and that during heavy wire 
drawing of BCC Fe [24, 251, where continued cell refinement is 
associated with linear hardening to true strains of 7. 
An approach for correlating structure-property changes 
during drawing is to systematically fit the tensile stress strain 
curves obtained at various deformation intervals to the Hollomon 
equation as descri'bed in Chapter 11. A non-linear least square 
curve fitting computer program was used to determine the strengthening 
n coefficient (K) and exponent (n) from equation, a = KE . Figure 
7 shows the variation of K and n with wire drawing strains. The 
values of n range between 0.05 and 0.15 but do not vary systematically. 
K, however, does vary systematically with strain increasing rapidly 
up to a strain of 2 and then slowly at higher strains. It should 
be recalled that cell sizes stablize at higher strains but for 
strains lesg than 1.5 the cell sizes decrease as the strain 
increases. Hence, K appears to be approximately inversly proportional 
to the cell size up- to E = 1.5 as shown in Figure 8. Morrison 
[62] observed that for low carbon steels there was extremely weak 
True Wire Drawing Strain 
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True Wire Drawing Strain 
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Figure 7. Variation of Strengthening (a) Exponent In' and 
(b) Coefficient 'K' with True Wire Drawing Strains 
in Cold Drawn Pure Aluminum 
Pure Aluminum 
Figure 8. Variation of Strengthening Coefficient 'K' with the 
Inverse of the Cell Size in Cold Drawn Pure Aluminum 
dependency of n on the grain size while a definite inverse 
proportionality between K and grain size was established. Thus 
the results obtained in this research indicate that K is mildly 
structure sensitive up to E = 1.5 varying approximately inversly 
with cell size while n is structure insensitive. It must be 
noted that there are many modifications to the Hollomon equation, 
as mentioned in literature survey, which may be used for correlating 
structure-property changes during the drawing for the entire range 
of wire drawing strains. Only the simplest form of Hollomon 
equation has been tested in this study. 
Cairns et al. [ 9 ]  have used a similar curve fitting analysis 
for tensile stress-strain curves from heavily cold rolled Cu. 
After a reduction of 90% thickness in rolling, dynamic recrystallization 
was confirmed by TEM. The value of n was found to stablize at 
0.59 while the true strain increased from 3 to 5. K values also 
stablized at slightly less than 90 H Bar from a strain of 3 to 4 
and then increases at higher strains. 
A1-0.2Mg Alloy 
The starting material for this alloy was also a rod of 318 
inch diameter which had been hot rolled and fully annealed. 
Figure 9 is an optical micrograph of a longitudinal section 
showing recrystallized grains. Figure 10 is a TEM micrograph 
showing the absence of any dislocation cell or subgrain structure 
in the starting condition. 
Figure 9. Optical Micrograph of A1-0.2Mg Alloy, Annealed 
for 3 Hours at 800°F, on its Longitudinal Section 
Figure 10. TEM of the Rod of A1-0.2Mg Alloy, Annealed for 
3 Hours at 800°F, on its Transverse Section 
The s t r a i n  hardening envelop of t h i s  a l l o y  up t o  a t r u e  
wire  drawing s t r a i n  of 4.95 i s s h o w n i n  F igure  11. The y i e l d  
s t r e n g t h  inc reases  very r a p i d l y  i n  t h e  i n i t i a l  s t a g e s  up t o  a 
s t r a i n  of 0.5. Between E = 0.5 and E = 1.5 t h e  hardening r a t e  
decreases  cont inuously and f o r  s t r a i n s  g r e a t e r  than 1 . 5  a l i n e a r  
hardening i s  observed up t o  a t o t a l  s t r a i n  of  4.95. The s t r a i n  
hardening c h a r a c t e r  i s  gene ra l ly  s i m i l a r  t o  t h a t  of  pure aluminum, 
bu t  t h e  r a t e  i s  much h igher  w i t h  0.2% Mg. The s t r a i n  hardening 
modulus i s  2.28 KSI as opposed t o  1.0 KSI f o r  pure aluminum. 
This  va lue  of mod.ulus i s  s t i l l  cons iderably  lower than  those  
repor ted  for Fe [25] and C u  [9]. H o w e v e r ,  it is comparable 
t o  an  e l e c t r i c a l  conductor grade  aluminum a l l o y  (Al-0.75Fe-0.15Mg) 
where a va lue  of 2.32 K S I  w a s  r epo r t ed  [12] .  S ince  Al-Fe-Mg 
a l l o y  [12] con ta ins  second phase p a r t i c l e s  ( s t a b l e  FeAl and 3 
uns t ab le  FeAl ) and 0.2% Mg i s  completely s o l u b l e  i n  aluminum, 6 
i t  seems t h a t  va lue  of  modulus i s  n o t  a f f e c t e d  apprec iab ly  by 
the presence of  s r la l l  amounts of t h e  i ron - r i ch  p r e c i p i t a t e .  
This  kind of observa t ion  has a l s o  been made f o r  BCC i r o n  where 
Rack and Cohen [24]  have shown t h a t  a d d i t i o n s  of 3.16% T i  
(conta in ing  Fe T i  p a r t i c l e s )  and 1.08% T i  ( i n  s u b s t i t u t i o n a l  
2 
s o l i d  s o l u t i o n  wit:h Fe) do n o t  change t h e  s t r a i n  hardening modulus 
of Fe i n  w i re  drawing a t  l a r g e  s t r a i n s .  Thus, t h i s  va lue  of 
modulus i s  n o t  a f f e c t e d  by t h e  s o l u b l e  and i n s o l u b l e  a d d i t i o n s  
of  a l l o y i n g  e1emen.t~ i n  BCC i r o n  whi le  i n  pure  aluminum it i s  
c l e a r l y  a f f e c t e d  by small amounts of  s o l u b l e  add i t i ons .  
0 
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Figure 11. Strain Hardening Envelop of Cold Drawn A1-0.2Mg Alloy 
The variations in cell sizes in A1-0.2Mg up to strains of 
4.95 (determined by TEM) is shown in Figure 12. Cell formation 
was noted at an earlier stage than for pure aluminum (e = 0.3 
vs. E = 0.5) and the cell sizes were smaller at equivalent strains 
up to E = 1.5. This indicates that small amounts of Mg in solid 
solution with Al enhances the process of cell size formation and 
refinement. This observation is contrary to that made by McElroy 
and Szkopiak (1). These authors concluded that solute atoms in 
solid solution de:Lay the formation of dislocation tangles and 
cells to higher strains in the deformation process. 
Cell refinement continued in A1-0.2Mg to a strain of " 1.5 
and n 0.5. From this point the cell size began to increase and 
continued to do so at a gradual but decreasing rate to E = 4.95. 
This behavior differs from pure A1 where the average cell size 
was found to remain constant in the high strain region. Micrographs 
showing the cell boundary character at various stages ( c  = 0.3, 
1.5 and 4.95) are shown in Figure 13. The general behavior is 
similar to that of pure Al in that a general trend toward sharper 
boundaries and cleaner "cells" accompanied higher strains. There 
is a major difference in the degree of the trend however. In A1-Mg 
the cells after e - 1.5 showed much sharper boundaries and were 
more free of internal dislocations and shows smaller minimum cell 
size compared to pure aluminum. 
Electron diffraction patterns were taken on different samples 
over the entire range of wire drawing strains to determine qualitative 
True Wire Drawing Strain 
Figure 12. Variation of Cell Size as a Function of True Wire 
Drawing Strain in A1-0.2Mg Alloy 
(c> 
Figure  13. TDi  o f  Transverse Sec t ions  of Cold Drawn A1-0.2Mg 
Alloy wi th  Wire Drawing S t r a i n s  of (a )  0.3,  (b) 1.5 
and (c) 4.95 
changes in misorientation between the cells. In the range of 
decreasing cell size it was observed that cell boundaries were 
generally low angle while as the cell size increased the 
misorientation between cells increased substantially to produce 
high angleboundaries. An example of this behavior is shown 
in Figure 14 where SAD patterns were taken on samples with same 
cellsizebut different strains at similar magnification and SAD 
aperture size (same procedure used for pure aluminum). Figure 
14 shows that for E = 0.774 the SAD pattern consists of spots 
slightly elongated and splitted which is characteristic of a 
microstructure consisting of low angle boundaries. For E = 4.5, 
SAD pattern cons:ists of spotty diffraction rings which is 
characteristic o.E polycrystalline structure with high angle 
boundaries. Thus it was concluded that misorientation angles 
of the cells increase from a strain of 1.5 to 4.95 in A1-0.2Mg 
alloy, an observation similar to that was made for pure aluminum 
earlier. SAD on individual cells was used to determine the extent 
of misorientations between the adjacent cells in the range of 
increasing cell size. It was observed that misorientation angles 
between cells range from lo to as high as 25' in this alloy also 
for E > 1.5. The trend of sharpening boundary character and 
increasing average "cell" size together with the observed high angle 
boundaries indicates a region of dynamic low temperature (DLT) 
recrystallization at E > 1.5. 
Figure 14. SAD - Patterns of Cold Drawn A1-0.2Mg Alloy Having 
L = 0.721-1 and True Wire Drawing Strains of (a) 0.77 
and (b) 4.5 
The c h a r a c t e r  of t h e  t e x t u r e  f o r  t h e  A1-Mg a l l o y  w a s  explored 
by t h e  use of x-ray t ransmiss ion  p inhole  p a t t e r n s .  A simple 
< I l l >  f i b e r  t e x t u r e  w a s  found t o  p e r s i s t  t o  h igh  s t r a i n s  wi th  
sharpening being t h e  only  v a r i a t i o n .  This  r e s u l t  should b e  
compared t o  t h e  duplex <Ill> <loo> f i b e r  t e x t u r e  found i n  cold- 
drawn A1-0.9Mg a:Lloy a t  E 2.8 [ 2 7 ] .  It i s  i n t e r e s t i n g  t h a t  i f  
t he  d i f f e r e n c e  i n  composition of  0.6% Mg can produce such a 
d i f f e r e n c e  i n  r e s u l t s .  
The mic ros t ruc tu re  and hardening behavior  of A1-0.2Mg a l l o y  
dur ing  w i r e  drawing a t  room temperature can be  summarized t o  t h i s  
po in t  a s  fol lows:  
1. The c h a r a c t e r i s t i c s  of t h e  s t r a i n  hardening envelop 
a r e  similar t o  t h e  one observed f o r  pure aluminum i n d i c a t i n g  t h a t  
shape of t h e  s t r a i n  hardening envelop i s  n o t  a l t e r e d  by t h e  
a d d i t i o n  of 0.2X Mg i n  s o l i d  so lu t ion .  The l i n e a r  hardening 
cont inues  without  s a t u r a t i o n  t o  a s t r a i n  of 4.95. The hardening 
modulus i n  t h e  l i n e a r  hardening reg ion  is  2.28 KSI  compared 
t o  1.0 KSI observed f o r  purealuminum, s t i l l  q u i t e  low when 
compared wi th  previous ly  repor ted  va lues  on BCC Fe and FCC Cu. 
2. The i n i t i a l  r a p i d  hardening is a s s o c i a t e d  wi th  the  
formation and ref inement  of a d i s l o c a t i o n  c e l l  s t r u c t u r e .  
A recognizable  c e l l  s t r u c t u r e  is  seen  a t  E = 0 . 3  compared t o  
E = 0.5 f o r  pure aluminum. The c e l l  s i z e  decreases  cont inuously 
up t o  E = 1.5 as t h e  s t r a i n  hardening r a t e  decreases .  From 
t h i s  p o i n t  on t h e  c e l l  s i z e  i n c r e a s e s  wh i l e  t h e  a l l o y  cont inues  
t o  harden up t o  an E = 4.95. There i s  no c o n s i s t e n t  Hall-Petch 
type  r e l a t i o n s h i p  between y i e l d  s t r e n g t h  and c e l l  s i z e  v a l i d  
over t h e  f u l l  range of s t r u c t u r e s  from E = 0.3 t o  E = 4.95. 
3. The miso r i en t a t ion  angles  of t h e  c e l l s  remain low 
up t o  a s t r a i n  of 1 .5 and i t  inc reases  cons iderably  from a s t r a i n  
of 1 .5  t o  4.95, u l t i m a t e l y  approaching h igh  ang le  boundaries.  
4. A s i n g l e  <Ill> f i b e r  t e x t u r e  develops and cont inues  
t o  sharpen from a s t r a i n  of 1.5 t o  4.95. There i s  no evidence 
of t h e  e x i s t e n c e  of a duplex t e x t u r e .  
The s t r eng then ing  c o e f f i c i e n t s  (K) and exponents (n) 
were c a l c u l a t e d  from t e n s i l e  s t r e s s - s t r a i n  curves  of t h e  w i r e s  
s e l e c t e d  a t  d i f f e r e n t  s t a g e s  i n  t h e  wire  drawing r educ t ion  
sequence ( s e e  pure aluminum s e c t i o n  f o r  d e t a i l s )  of t h i s  a l l o y .  
F igure  15  shows t h e  v a r i a t i o n  of K and n with w i r e  drawing s t r a i n s .  
The va lues  of n range from 0.05 t o  0.15 b u t  do n o t  vary  
sys t ema t i ca l ly .  However, K i nc reases  from 5 t o  36 KSI up t o  
a s t r a i n  of 2.0 and f o r  s t r a i n s  g r e a t e r  than  2.0 i t  i n c r e a s e s  
slowly t o  38.5 KSI up t o  a t o t a l  s t r a i n  of 4.95. It should be 
noted t h a t  "ce l l "  s i z e s  s t a r t  t o  i nc rease  a f t e r  a s t r a i n  of 1.5. 
Below E = 1 . 5  t h e  c e l l  s i z e  decreases  which sugges ts  a n  i n v e r s e  
p r o p o r t i o n a l i t y  between K and c e l l  s i z e  and is shown i n  F igure  
16. Thus i n  t h i s  a l l o y  a l s o ,  s i m i l a r  t o  pure aluminum, K is  
found t o  b e  mi ld ly  s t r u c t u r e  s e n s i t i v e  and t o  vary  inve r se ly  
wi th  average "ce l l "  s i z e  f o r  E < 1.5 whi le  n shows no c o n s i s t e n t  
s t r u c t u r a l  dependence. 
True Wire Drawing Strain 
(a) 
True Wire Drawing Strain 
(b) 
Figure 15. Variation of Strengthening (a) Exponent 'n' and 
(b) Coefficient 'K' with True Wire Drawing Strains 
in Cold Drawn A1-0.2Mg Alloy 
Figure 16. Variation of Strengthening Coefficient 'K' with 
the Inverse of the Cell Size in Cold Drawn 
111-0.2Mg alloy 
A1-0.6Fe Alloy 
I r o n  w a s  s e l e c t e d  an  an  i n s o l u b l e  a l l o y i n g  element i n  o rde r  
t o  s tudy  t h e  e f f e c t  of s m a l l  amounts of p r e c i p i t a t e s  on t h e  
s t r a i n  hardening behavior of d i l u t e  A 1  a l l o y s  dur ing  wire  drawing. 
F igures  17 and 1 8  show t h e  mic ros t ruc tu re  of t h e  s t a r t i n g  h o t  
r o l l e d  and r e c r y s t a l l i z e d  3 / 8  inch  rod. It is  a f u l l y  r e c r y s t a l l i z e d  
s t r u c t u r e  wi th  small amounts of FeAl p r e c i p i t a t e s  c h a r a c t e r i s t i c a l l y  
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d i s t r i b u t e d  a t  g r a i n  boundaeies (581. 
The s t r a i n  hardening envelop of t h i s  a l l o y  up t o  a  t r u e  
s t r a i n  of 4.95 is shown i n  F igure  19. The y i e l d  s t r e n g t h  i n i t i a l l y  
i nc reases  r a p i d l y  up t o  a  s t r a i n  of 0.5. From a  s t r a i n  of 
0.5 t o  2.2 t h e  hardening rate dec reases  and is followed by work 
so f t en ing  up t o  a f i n a l  s t r a i n  of 4.95. It should be r e c a l l e d  
t h a t  i n  pure aluminum and A1-0.2Mg a l l o y  l i n e a r  hardening w a s  
observed between t h e  s t r a i n s  of 1.5 and 4.5. The i n i t i a l  hardening 
i n  t h i s  a l l o y  up t o  a s t r a i n  of 1 .5 i s  nea r ly  1 3  KSI compared 
t o  10 KSI f o r  purealuminum and 12 KSI f o r  A1-0.2Mg a l l o y .  The 
s t r a i n  hardening envelop exh ib i t ed  h e r e  i s  t y p i c a l  of m a t e r i a l s  
showing dynamic r e c r y s t a l l i z a t i o n .  Nutt ing (271 has  repor ted  
such curves f o r  OFHC Cu and A 1  where work s o f t e n i n g  due t o  
dynamic r e c r y s t a l l i z a t i o n  i n  co ld  r o l l i n g  a f t e r  s t r a i n s  of 3 .0 
and 3.5 r e s p e c t i v e l y  w a s  observed. 
A d i s t i n c t  c e l l  s t r u c t u r e  i s  observed i n  A1-O.6Fe a t  E = 0.3. 
The v a r i a t i o n s  i n  c e l l  s i z e s  over t he  e n t i r e  s t r a i n  range up 
Figure 17. Optical Micrograph of A1-0.6Fe Alloy, Annealed 
for 3 Hours at 800°F, on its Longitudinal 
Section X40 
Figure 18. TEM of A1-O.6Fe Alloy, Annealed for 3 Hours 
at 800°F, on its Transverse Section 
UTS 
True Wire Drawing Strain 
Figure 19. Strain Hardening Envelop of Cold Drawn A1-O.6Fe Alloy 
t o  4.95 i s  shown i n  F igure  20. Between 0.3 and - 2.5 t h e  s i z e  
dec reases  wi th  inc reas ing  s t r a i n .  For comparison, i n  pure aluminum 
and A1-0.2Mg a l l o y  d i s t i n c t  c e l l  s t r u c t u r e s  were de t ec t ed  a t  
E = 0.5 and 0.3 r e s p e c t i v e l y  and c e l l  s i z e  ref inement  was observed 
only  up t o  a s t r a i n  of 1 .5 i n  each case .  The magnitudes of c e l l  
s i z e s  i n  A1-Fe a r e  c o n s i s t e n t l y  lower than f o r  pure aluminum a t  
equiva len t  s t r a i n s  and approximately equal  t o  t h a t  of A1-Mg. The 
minimum c e l l  s i z e  i n  A1-Fe i s  approximately 0.351.1 a s  opposed 
t o  0 . 6 ~  f o r  A 1  and 0 . 4 5 ~  f o r  A1-Mg. From E = 2.5 t o  4.95 t h e r e  
is  gene ra l  i n c r e a s e  i n  average c e l l  s i z e  f o r  t h e  A1-0.6Fe a l l o y .  
The charac t ,e r  of t h e  "ce l l "  s t r u c t u r e  a t  va r ious  i n t e r v a l s  
is shown i n  F igure  21. There is  a gene ra l  sharpening of boundaries  
wi th  inc reas ing  s t r a i n .  In t h e  growth r eg ion  2 .5<~<4 .95  t h e  
"ce l l s "  a r e  equiaxed and have very  sharp  boundaries  reminescent 
of g ra ins .  The i n t e r i o r s  are r e l a t i v e l y  f r e e  of d i s l o c a t i o n s .  
The c e l l  s i z e  d i s t r i b u t i o n  during growth appeared t o  be uniform. 
Se lec ted  area e l e c t r o n  d i f f r a c t i o n  p a t t e r n s  w e r e  t aken  
according t o  procedures p rev ious ly  descr ibed  t o  q u a l i t a t i v e l y  
eva lua t e  t h e  boundary miso r i en t a t ion .  Examples a r e  shown i n  
F igure  22. These types of p a t t e r n s  and SAD a n a l y s i s  of i n d i v i d u a l  
c e l l s  c l e a r l y  i n d i c a t e  t h a t  f o r  E < 2.5 t h e  boundary cha rac t e r  
i s  low ang le  and f o r  E > 2.5 i t  i s  predominantly.-high ang le  i n  
c h a r a c t e r .  The reg ion  of i nc reas ing  " c e l l "  s i z e  (E > 2.5) 
is  one of DLT r e c r y s t a l l i z a t i o n  s i m i l a r  t o  t h a t  observed i n  A 1  
and A1-Mg. 
True Wire Drawing Strain 
Figure 20. Variation of C e l l  S ize  a s  a Function of True Wire 
Drawing Strain i n  A1-0.6Fe Alloy 
Figure 21. TEM of Transverse Sections of Cold Drawn A1-O.6Fe 
Alloy with Wire Drawing Strains of (a) 0.3, (b) 1.5 
and (c) 4.95 
Figure 22. - SAD Patterns of Cold Drawn A1-0.6Fe Alloy Having 
L = 0 . 6 ~  and True Wire Drawing Strains  of (a) 1 .0  
and (b) 3.56 
Qual i ta t ive  measurements of preferred  o r i e n t a t i o n  were 
obtained by x-ray pinhole pa t t e rns .  These showed a  simple 
<Ill> f i b e r  t ex tu re  which sharpened with s t r a i n  but d id  not 
change i n  character  up t o  E = 4.95. 
Thus two d i s t i n c t  s t ages  can be seen from the  comparison 
of s t r a i n  hardening and c e l l  s i z e  curves i n  A1-O.6Fe. The 
increase  i n  "cel l"  s i z e  and decrease i n  s t r eng th  f o r  E: > 2.5 
and 2.2 respect ively  i s  a t t r i b u t e d  t o  the  process of DLT 
r e c r y s t a l l i z a t i o n  which may be enhanced by the  d i s t r i b u t i o n  
of FeAl p r e c i p i t a t e s .  Chia and Starke [ 58 ]  have shown t h a t  
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annealing the  rod a f t e r  hot  r o l l i n g  (which is  t h e  case here)  
washes out some of the  micros t ructura l  f ea tu res  which enhances 
a  uniform d i s t r i b u t i o n  of p r e c i p i t a t e s  during l a t e r  processing. 
The non-uniform d i s t r i b u t i o n  of p r e c i p i t a t e s  can lead t o  dynamic 
r e c r y s t a l l i z a t i o n  during deformation s ince  these  p r e c i p i t a t e s  
can a c t  a s  nucleat ion centers .  I n  the  present  work the  i n i t i a l  
p r e c i p i t a t e  d i s t r i b u t i o n  was non-uniform; however, i t  had become 
q u i t e  uniform by the  t i m e  s t r a i n s  reached the  DLTR s tage .  
Consequently c e l l  growth during t h e  DLTR s t a g e  was uniform 
and no anomalously l a rge  nuc le i  were seen. Delaying of the 
r e c r y s t a l l i z a t i o n  s t age  by going t o  low deformation temperatures 
apparently allows f o r  f u r t h e r  homogenization of t h e  s t r u c t u r e  
and a  more uniform growth during t h e  r e c r y s t a l l i z a t i o n  s tage .  
The micros t ructure  and hardening behavior of A1-0.6Fe 
during w i r e  drawing a t  room temperature can be summarized a s  
fo l lows  : 
1. Rapid s t r a i n  hardening occurs  w i th  i n i t i a l  deformation 
up t o  E = 0.3.  The s t r a i n  hardening diminishes up t o  E = 2.2 
and work s o f t e n i n g  occurs  f o r  E > 2.2. 
2. The i n i t i a l  r a p i d  work hardening i s  a s soc i a t ed  wi th  
t h e  formation and ref inement  of a d i s l o c a t i o n  c e l l  s t r u c t u r e .  
A recognizable  c e l l  s t r u c t u r e  i s  seen  a t  E = 0.3 compared t o  
pure aluminum where d i s t i n c t  c e l l  s t r u c t u r e  appeared a t  E = 0.5 
only. The average c e l l  s i z e  dec reases  cont inuously as t h e  hardening 
r a t e  decreases  t o  E = 2.5. From t h i s  po in t  on t h e  c e l l  s i z e  
i nc reases  and work s o f t e n i n g  i s  a s s o c i a t e d  wi th  increased  boundary 
miso r i en t a t ion .  
3. For E < 2.5, t h e  c e l l  boundaries  a r e  e n t i r e l y  low ang le  
i n  cha rac t e r  wh i l e  i t  seems t o  b e  inc reas ing  s u b s t a n t i a l l y  f o r  
E > 2.5 producing h igh  ang le  boundaries .  Uniform coarsening 
of t h e  c e l l s  occurs  dur ing  dynamic r e c r y s t a l l i z a t i o n .  Nucleat ion 
could n o t  be observed. 
4.  A weak s i n g l e  <Ill> f i b e r  t e x t u r e  p e r s i s t s  up t o  E = 2 . 6  
and no v a r i a t i o n  i n  t h e  type  of t e x t u r e  w a s  observed over t h e  
whole range of s t r a i n s  from E = 0.3 t o  E = 4.55. 
The v a r i a t i o n s  of s t r eng then ing  c o e f f i c i e n t  (K) and exponent 
(n) determined from t e n s i l e  s t r e s s - s t r a i n  curves  ( s e e  pure 
aluminum s e c t i o n  f o r  d e t a i l s )  a r e  shown i n  F igure  23. The va lues  
of n range from 0.10 t o  0.20 a s  compared t o  va lues  of 0.05 t o  
0.15 observed f o r  pure aluminum and A1-0.2Mg a l l o y s .  The va lues  
True Wire Drawing Strain 
(a> 
True Wire Drawing Strain 
(b) 
Figure 23. Variation of Strengthening (a) Exponent 'n' and 
(b) Coefficient 'K' with True Wire Drawing Strains 
i n  Cold Drawn A1-0.6Fe Alloy 

of n do not  vary systematical ly.  However, K increases  from 
1 3  to  53 K S I  up t o  a s t r a i n  of near ly  2 and decreases t o  30 KSI 
a t  E = 4.95. The inverse  propor t ional i ty  between K and c e l l  s i z e  
has been found t o  be excel lent  i n  t h i s  a l l o y  a s  shown i n  Figure 
24. Thus i n  t h i s  a l l o y  a l s o  K i s  found t o  be  q u i t e  s t r u c t u r e  
s e n s i t i v e  while n remains s t r u c t u r e  insens i t ive .  
EC Aluminum 
The s t a r t i n g  mate r i a l  f o r  EC aluminum was a l s o  a rod of 
3/8 inch diameter i n  a f u l l y  annealed condit ion.  The s t r a i n  
hardening envelop of EC aluminum when it is subjected to a 
wire drawing s t r a i n  of 4.95 ( t h i s  s t r a i n  corresponds t o  a wire 
diameter of 0.032 inch) a s  shown i n  Figure 25. The y ie ld  s t r eng th  
increases  rap id ly  i n  the  i n i t i a l  s t age  of s t r a i n  hardening. 
Between s t r a i n s  of 0.5 and 1.5 the  hardening r a t e  decreases 
and f o r  E > 1.5 a l i n e a r  hardening is  observed up t o  t o t a l  
s t r a i n  of 4.95. The s t r a i n  hardening modulus i n  the  high s t r a i n  
range is  2.16 KSI a s  compared t o  pure aluminum and A1-0.2Mg 
a l l o y  where values of 1.0 and 2.28 KSI  were observed. EC 
aluminum which contains nominally 0.075% Fe and 0.05% S i  seems 
t o  a f f e c t  the  s t r a i n  hardening modulus s imi la r  t o  A1-0.2Mg 
a l l o y  s ince  the  value of modulus i n  the  two cases is  observed 
t o  be e s s e n t i a l l y  t h e  same. A s  mentioned i n  t h e  pure aluminum 
s e c t i o n  the  presence of small q u a n t i t i e s  of impuri tes can a f f e c t  
t h e  modulus of pure aluminum considerably. It should a l s o  
EC Aluminum 
True Wire Drawing Strain 
Figure 25. Strain Hardening Envelop of Cold Drawn EC Aluminum 
be  noted t h a t  amount of a l l o y i n g  a d d i t i o n s  i n  t h e  range of 
conductor grade aluminum does no t  seem t o  change t h e  s t r a i n  
hardening modulus t o  any apprec i ab le  e x t e n t  ( f o r  bo th  s o l u b l e  
and i n s o l u b l e  a d d i t i o n s ) .  
The v a r i a t i o n  of c e l l  s i z e s  observed by TEM wi th  wire  
drawing is shown i n  F igure  26. A d i s t i n c t  c e l l  s t r u c t u r e  was 
observable by TEM only a f t e r  an E = 0.5 s i m i l a r  t o  pure aluminum. 
Between s t r a i n s  of 0 .5 and 2.6 t h e  c e l l  s i z e  decreases  w i t h  
i n c r e a s i n g  s t r a i n .  The magnitudes of c e l l  s i z e s  i n  t h i s  a l l o y  
a r e  comparable t o  A1-0.6Fe a l l o y .  The minimum c e l l  s i z e  
observed i n  t h i s  a l l o y  was 0 . 2 5 ~  a s  opposed to 0 . 3 5 ~  i n  A1-0.6Fe 
a l l o y .  A f t e r  a  s t r a i n  of 2.6 (DLTR r eg ion ) ,  t h e  c e l l  s i z e  
suddenly inc reases  t o  a  va lue  of 0 . 5 ~  and s t a b l i z e s  a t  t h i s  c e l l  
s i z e  up t o  E = 4.95. F igure  27 shows t h e  c e l l  s t r u c t u r e  
c h a r a c t e r i s t i c  of t h e s e  s t r a i n s .  Along wi th  t h e  decreas ing  c e l l  
s i z e  t h e r e  is a  sharpening of t h e  c e l l  boundaries  w i t h  inc reas ing  
s t r a i n .  A t  E = 4.95 t h e  c e l l  s t r u c t u r e  c o n s i s t s  of equiaxed 
c e l l s  almost void of i n t e r n a l  d i s l o c a t i o n s .  It i n d i c a t e s  t h a t  
EC aluminum has  undergone cons ide rab le  polygoniza t ion  a f t e r  a n  
E = 2.6.  
The m i s o r i e n t a t i o n  ang le s  of t h e  c e l l s  i n  EC aluminum were 
determined q u a l i t a t i v e l y  by t ak ing  SAD p a t t e r n s  on d i f f e r e n t  
samples. The cond i t i ons  under which t h e s e  p a t t e r n s  were taken 
a r e  descr ibed  i n  pure  aluminum s e c t i o n .  The r e s u l t s  of t h e  
s tudy  of mi so r i en t a t ion  ang le s  of c e l l s  i n  t h i s  a l l o y  i n d i c a t e  
EC Aluminum 
True Wire Drawing Strain 
Figure 26. Variation of Cell Size as a Function of True 
Wire Drawing Strain in EC Aluminum 
F i g u r e  27. TEM of  T r a n s v e r s e  S e c t i o n s  o f  Cold Drawn EC 
Aluminum w i t h  Wire Drawing S t r a i n s  o f  ( a )  0.5, 
(b) 1.5, ( c )  2.6 and (d )  4.95 

t h a t  t h e  micros t r i ic ture  c o n s i s t s  of low ang le  c e l l  boundaries  up 
t o  an  E = 2 . 6  whi le  t h e  s t a b l i z a t i o n  of t he  c e l l  s i z e  f o r  E > 2 . 6  
is  accompanied by i n c r e a s e  i n  m i s o r i e n t a t i o n  ang le s  of t he  c e l l s .  
An example of t h i s  behavior  is  i l l u s t r a t e d  i n  F igure  28.  The 
i n c r e a s e  i n  mi so r i en t a t ion  ang le s  of t h e  c e l l s  is  c l e a r l y  seen  
i n  t h e  sample wi th  E = 3 . 3  where s p o t t y  d i f f r a c t i o n  r i n g s  which 
a r e  c h a r a c t e r i s t i c  of a  p o l y c r y s t a l l i n e  s t r u c t u r e  conta in ing  h igh  
ang le  boundaries.  Thus i t  is specula ted  t h a t  t h e  c o n t r i b u t i o n  
of i n c r e a s e  i n  c e l l u l a r  m i s o r i e n t a t i o n  ang le s  t o  t h e  s t r eng then ing  
of t h i s  a l l o y  i n  DLTR reg ion  i s  similar t o  pure aluminum. An 
i n t e r e s t i n g  obse rva t ion  t h a t  can b e  made f r o m  the  study of the 
v a r i a t i o n  of c e l l u l a r  m i s o r i e n t a t i o n  ang le s  i n  a l l  t h e  fou r  
m a t e r i a l s  is  t h a t  c e l l s  c o n s i s t  of low ang le  boundaries  as long 
a s  i t s  ref inement  occurs .  This  p o i n t  w i l l  be  d iscussed  l a t e r  
i n  gene ra l  d i scuss ion  s e c t i o n .  
The use of x-ray t ransmiss ion  p inhole  p a t t e r n s  on d i f f e r e n t  
samples of EC aluminum a l s o  i n d i c a t e  t h a t  a s i n g l e  < I l l >  f i b e r  
t e x t u r e  p e r s i s t s  i n  DLTR reg ion .  These p a t t e r n s  show t h a t  
t h e r e  i s  gene ra l  sharpening b u t  no change i n  t h e  type  of t e x t u r e .  
Thus i t  i s  concluded t h a t  t e x t u r e  i s  a l s o  perhaps c o n t r i b u t i n g  
t o  t h e  s t r e n g t h  ,in t h e  s t r a i n  range of cons t an t  c e l l  s i z e .  
The r e s u l t s  ob ta ined  by deforming EC aluminum i n  wi re  
drawing up t o  a  s t r a i n  of 4.95 can be summarized as fol lows:  
1. There i s  a  r ap id  s t r a i n  hardening up t o  E = 0.5. 
Between s t r a i n s  of 0.5 t o  1 . 5  t h e  hardening rate d iminishes  
Figure 28. SAD Patterns of Cold Drawn EC Aluminum Having - 
L = 0.55~ as True Wire Drawing Strains of (a) 1 .25 
and (b) 3 . 3  
continuously and e:nters a l i n e a r  s t age .  The l i n e a r  hardening 
p e r s i s t s  up t o  E = 4.95. The s t r a i n  hardening modulus i n  l i n e a r  
hardening range i s  2.16 which i s  n e a r l y  t h e  same which was 
observed f o r  A1-0.2Mg a l l o y  (2.28 KSP). 
2. The i n i t i a l  r a p i d  hardening is a s s o c i a t e d  wi th  t h e  
formation and ref inement  of d i s l o c a t i o n  c e l l  s t r u c t u r e .  A 
recognizable  c e l l  is seen  a t  E " 0.5. The average c e l l  s i z e  
decreases  as t h e  s t r a i n  hardening i n c r e a s e s  t o  a n  E = 2.6, 
f o r  E > 2.6, t h e  c e l l  s i z e  suddenly i n c r e a s e s  and s t a b l i z e s  a t  
a va lue  of 0 . 5 ~ .  The subsequent hardening is a s s o c i a t e d  wi th  
i n c r e a s e  i n  c e l l  m i s o r i e n t a t i o n  ang le s  and t e x t u r e  i n  t h e  DLTR 
region .  There i s  no c o n s i s t e n t  Petch-type r e l a t i o n s h i p  between 
y i e l d  s t r e n g t h  and c e l l  s i z e  which is  v a l i d  over t h e  f u l l  range 
of s t r u c t u r e s  from 0.5 t o  4.95. 
3 .  The mic ros t ruc tu re  c o n s i s t s  of c e l l  boundaries  low 
ang le  i n  cha rac t e r  up t o  a s t r a i n  of 2.6. Miso r i en t a t ion  of 
t h e  c e l l s  i nc reases  i n  t h e  DLTR region ,  u l t i m a t e l y  approaching 
h igh  angle  boundaries .  
4 .  A s i n g l e  <Ill> f i b e r  t e x t u r e  develops and cont inues  
t o  sharpen from a s t r a i n  of 2.6 t o  4.95. 
General Discussion 
It is  now p o s s i b l e  t o  summarize t h e  important  c h a r a c t e r i s t i c s  
of s t r a i n  hardening and m i c r o s t r u c t u r e  development dur ing  low 
temperature wire  drawing of t h e  d i l u t e  aluminum a l l o y s  used 
i n  t h i s  study. S t a r t i n g  with the  r e c r y s t a l l i z e d  rod, very 
rapid strengthening occurs up t o  a s t r a i n  of 0.5 and then continues 
a t  a diminishing r a t e  from E = 0.5 t o  E = 1.5. The absolute  
values of s t r eng th  l eve l s  and the  s t r a i n  hardening r a t e s  d i f f e r  
with the  a l loying addi t ions .  Linear hardening begins a t  E 1 . 5  
and continues t o  r - 5 i n  pure aluminum, A1-0.2Mg and EC aluminum. 
I n  A1-O.6Fe a l l o y  work softening occurs a f t e r  a s t r a i n  of 2.2 
(hardening r a t e  decreases continuously up t o  an E = 2.2 i n  t h i s  
a l loy) .  Soluble addi t ions  have a g r e a t  e f f e c t  on t h e  l i n e a r  
hardening region a s  character ized by i ts  hardening modulus. 
This value f o r  pure aluminum w a s  1.0 KSI w h i l e  f o r  EC aluminum 
and A1-0.2Mg a l l a y  t h e  values were 2.6 and 2.28 K S I .  These 
values compare favorably wi tho thers repor ted  i n  t h e  l i t e r a t u r e  
f o r  conductor grade Al-Fe-Mg a l l o y  [12]. However the modulii 
observed i n  the  aluminum a l loys  of t h i s  study a r e  extremely 
low when compared with Fe [25] and Cu [9] where values of 20.5 
and 7.5 KSI were reported.  I n  Fe, i t  was a l s o  observed t h a t  
values of modulii were not  af fec ted  by the  presence of so lub le  
and insoluble  addi t ions  of a l loying elements [24]. The d i s t i n c t  
work sof tening i n  A1-0.6Fe a l l o y  observed here is s imi la r  t o  the  
r e s u l t s  obtained f o r  pure Cu and A 1  1271. These authors found 
t h a t  sof tening i n  Cu and A 1  during cold r o l l i n g  occurs a t  
s t r a i n s  of 3.0 and 3.5 respect ively .  
Micros t ructura l  developments a r e  characterized by d i f f e r e n t  
s t ages  i n  the  deformation process. D i s t i n c t  c e l l  s t r u c t u r e s  
were observable at a strain of 0.5 in pure and EC aluminum 
and at 0.3 in A1-0.2Mg and A1-0.6Fe alloys (will now be referred 
to as stage I). Stage I consists of multiplication of dislocations 
and formation of dislocation tangles which ultimately results 
in the appearance of a distinct cell structure. The results 
indicate that presence of alloying elements decreases the minumum 
strain necessary to produce a distinct cell structure. The lowering 
of the SFE as a result of alloying can create back stress, by 
pinning solute atoms, which can force some of the dislocations 
to cross slip and promote the appearance of a distinct cell 
structure to a smaller strain during wire drawing of alloys r741 .  
The next stage (stage 11) is characterized by the formation 
of low angle cell boundaries and their refinement. In pure 
aluminum and A1-0.2Mg alloy, this stage extends to a strain of 
1.5 while in EC a.luminum and A1-O.6Fe alloy stage I1 can extend 
as far as E = 2.6 with lower minimum cell sizes. The cell structure 
consists of ragged boundaries which are refined continually as 
the strain increases. The character of the boundaries remain 
low angle. In stage 111, dynamic low temperature recrystallization 
(DLTR) results in the formation of high angle boundaries. 
In this region the "cells" consist of a mixture of dislocation 
cell boundaries (:low angle), subgrain boundaries (low angle) 
and grain boundaries (high angle). The average size depends 
on the competitive mechanisms of work hardening, dynamic recovery 
and recrystallization and may increase (as with A1-Fe) or remain 
constant (as with Al). The cell size increase in alloys during 
the DLTR region may be rationalized by considering the factors 
which can enhance the cell or subgrain boundary migration. It 
is speculated tha.t stress induced boundary migration is a good 
possibility which can also explain the delay for the appearance 
of the DLTR region to a higher wire drawing strain in A1-0.6Fe 
alloy due to the pinning effect of the boundaries by the 
precipitates. There is a general trend toward cleaner "cells" 
with sharper boundaries as the average size increases both with , 
strain and as a function of alloying. Aluminum had least fraction 
of sharp high angle boundaries; sharpness and size increased 
in the order Al, EC-A1, A1-Mg, A1-Fe. 
Dynamic recrystallization is a well documented phenomenon. 
It occurs during high temperature deformation [ Z ]  and has also 
been noted during high strains at low temperatures [ 9 ] .  It 
is important to note the differences in structures produced 
by DLTR and static recrystallization. Static recrystallization 
progresses non-homogeneously. A partially recrystallized structure 
would contain a non-uniform distribution of sizes and misorientations. 
DLTR on the other hand proceeds uniformly with respect to size 
and misorientation. 
The structures produced in this study should be compared 
with those in other deformation regimes and with other materials. 
High temperature deformation characteristically produces steady 
state microstructures at relatively low strains either through 
dynamic recovery (high stacking fault energy) or dynamic 
recrystallization (low stacking fault energy) [2 ] .  For dilute 
aluminum alloys the steady state is a relatively large subgrain 
structure produced by dynamic recovery and consisting entirely 
of low angle boundaries. This work shows that at room temperature 
steady state is not achieved though recovery and dynamic 
recrystallization takes place with grain structures much finer 
(< 1p) than those produced by high temperature dynamic 
recrystallization. Even though softening may occur (Al-Fe) 
a true steady state is not achieved up to strains of 5. The 
occurrence of DLTR limits the finest cell size that can be 
obtained. In BCC Fe, continued cell refinement occurs to an 
E = 7 [ 25 ] .  
Analytical correlationbetween microstructural changes during 
drawing and the accompanying tensile flow stress behavior 
requires recognition and separation of the various stages just 
discussed. 
As mentioned earlier, stage I consists of dislocation 
multiplication, formation of tangles and eventual appearance 
of a distinct cellular structure. Even though no quantitative 
microstructural data was obtained on the dislocation density 
for this stage, it is well established that hardening can be 
described by [35], 
where a = flow stress 
a = f r i c t i o n a l  stress 
0 
z = geometric cons t an t  
G = shea r  modulus 
b  = Burgers Vector 
p = d i s l o c a t i o n  d e n s i t y  
Equation (4) desc r ibes  t h e  s t r eng then ing  c o n t r i b u t i o n  from both 
s t a t i s t i c a l  and geometr ica l ly  necessary  d i s l o c a t i o n s  [ 3 5 ] .  I f  a  
d i s t i n c t i o n  i s  made between t h e  two d e n s i t i e s ,  pG and ps and if they 
a r e  proper ly  weighted by t h e i r  volume f r a c t i o n  [ 3 4 ] ,  a  g r a i n  s i z e  
dependence on flow s t r e s s  is  predic ted  (i. e .  , d* dependence, where 
d  is t h e  o r i g i n a l  g r a i n  s i z e ) .  (Thompson e t  a l .  [ 3 4 ]  have c l e a r l y  
demonstrated t h a t  work hardening i s  l i t t l e  a f f e c t e d  by g r a i n  s i z e  i n  
aluminum.) Thus i t  is  specula ted  t h a t  i n  s t a g e  I ,  equat ion  (4 )  
should desc r ibe  predominantly t h e  work hardening produced by t h e  
s t a t i s t i c a l  d i s l o c a t i o n  d e n s i t y  which even tua l ly  forms t h e  c e l l  
s t r u c t u r e  l ead ing  i n t o  s t a g e  11. 
The s t r eng then ing  i n  s t a g e  I1 i s  dominated by a d i s l o c a t i o n  
c e l l  s t r u c t u r e  of low angle  boundaries  and decreas ing  c e l l  s i z e .  
These d i s l o c a t i o n s  c o n s t i t u t e  a  s t a t i s t i c a l  popula t ion  generated 
du r ing  drawing. Hol t  [331 has  analyzed such popula t ions  and found 
t h a t  (ps 1% i s  p ropor t iona l  t o  t h e  r e c i p r o c a l  of t h e  s l i p  l eng th ,  i. e . ,  
combining with equation (4), i t  gives 
This equation now r e l a t e s  the  t e n s i l e  flow s t r e s s  t o  s l i p  
length. Obviously X is a  function of t e n s i l e  s t r a i n t  (E) and the 
S 
o r i g i n a l  cel l  s i z e  (z) generated during drawing. Since no t h e o r e t i c a l  
b a s i s  e x i s t s  f o r  .the funct ional  r e la t ionsh ip  between h E and c, the  s * 
following form is  assumed 
where A, B and C a r e  constants  dependent on 'i; and n  is  independent 
of K. Note t h a t  from equation (7)  
The v a r i a t i o n  of A with E is  shown graphical ly  i n  Figure 29.  
s 
To allow f o r  a  dependence on 'i;, the  constants  A, B and C a r e  assumed 
to  have the  form 
1 A = -  B = -  C2 - - and C = c3L 
7 7 
where C C and C a r e  now m a t e r i a l  cons t an t s  which a r e  f i xed  f o r  t h e  
1' 2 3 
a l l o y  and independe.nt of E and z. Note t h a t  t h i s  form al lows f o r  t h e  
c e l l  boundaries  t o  be penet ra ted  depending on t h e  va lues  of C and C3. 
1 
S u b s t i t u t i n g  (8) i n  (7)  
then  a t  any s t r a i n  E 
where 
combining (10) and ( 6 )  
where 
Tensile Strain ' E '  
Figure 29. Schematic Variation of Slip Length, X with Strain, E 
s 
The equat ion  (12) is a modified Hall-Petch r e l a t i o n .  S imi la r  
equat ions  have been der ived  by s e v e r a l  au tho r s  i n  a  v a r i e t y  of ways. 
The s p e c i f i c  approach used he re  w i l l  a l low a c o r r e l a t i o n  between t h e  
modified Hall-Pet:ch equat ion  and t h e  Hollomon equat ion  as w i l l  be 
shown l a t e r .  
It w i l l  be  r e c a l l e d  t h a t  t h e  low ang le  boundary s u b s t r u c t u r e s  
of s t a g e  I1 occur between s t r a i n s  of 0.5 t o  1.5 i n  pure  aluminum, 
0.3 t o  1 .5  i n  A1-0.2Mg a l l o y ,  0.3 t o  2.6 i n  A1-O.6Fe a l l o y  and 0.5 t o  
2.6 i n  EC aluminum. The corresponding 0.2% flow stress and c e l l  
s i z e  f o r  t hese  r e s p e c t i v e  s t r a i n s  were f i t  t o  t h e  modified Hall-Petch 
equat ion  (12) and a r e  shown i n  F igure  30. The h igh  ang le  s t r u c t u r e s  
of t h e  DLTR region  ( s t a g e  111) are n o t  included i n  t h i s  p l o t .  There 
a r e  some important  observa t ions  t h a t  can be made from Figure  30: 
( i )  Between t h e  c e l l  s i z e s  of 1.0 and 0 . 4 5 ~  a least square  f i t  t o  
equat ion  (12) can be made f o r  a l l  t h e  a l l o y s .  This  g ives  K3 = 4.30 
KSI-p and oo = 7.63 K S I .  ( i i )  A break i n  t he  curve occurs  a t  = 
0 . 4 5 ~  corresponding t o  a w i r e  drawing s t r a i n  of 1.47 f o r  EC and 
A1-O.6Fe a l l o y s .  ( i i i )  Date from s t a t i c a l l y  annealed EC A 1  ob ta ined  
from an  e a r l i e r  s tudy  1291 f i t s  t h e  extending p o r t i o n  of t h e  curve 
beyond t h e  break,  i . e . ,  low ang le  "ce l l "  s t r u c t u r e s  produced by co ld  
drawing beyond E > 1.47 (but  l e s s  than  t h a t  r equ i r ed  t o  product DLTR) 
produce a  s i m i l a r  s t r eng then ing  e f f e c t  t o  t h a t  of s t a t i c a l l y  annealed 
11 subgra ins  . I' 
The break i n  t h e  0 v s .  " c e l l "  s i z e  curve  is important  because 
i t  s i g n i f i e s  a  t r a n s i t i o n  from a pure  d i s l o c a t i o n  c e l l  s t r u c t u r e  t o  

a recovered subgra in  s t r u c t u r e .  Such a t r a n s i t i o n  would be  expected 
on r o u t e  t o  dynamic low temperature r e c r y s t a l l i z a t i o n  (DLTR). The 
f a c t  t h a t  t h e  t rayasi t ion does no t  appear a s  d rama t i ca l ly  wi th  A 1  and 
A1-Mg a s  i t  does wi th  EC and A1-Fe is  not  r e a d i l y  explanable i n  
terms of d i l u t e  a l l o y i n g  e f f e c t s  on low temperature dynamic recovery; 
however, i t  should n o t  be s u r p r i s i n g  t h a t  s m a l l  v a r i a t i o n s  i n  a l l o y i n g  
w i l l  e i t h e r  extend o r  suppress  t h e  subgra in  region.  I n  previous work 
- -1 on conductor grade aluminum a l l o y s  1121 a s i n g l e  (L) l i n e  w a s  f i t  
t o  s t r u c t u r e s  produced by combinations of co ld  drawing and s t a t i c  
anneal ing.  A break such as t h a t  shown i n  F igure  30 was no t  noted i n  
t h a t  s tudy  s i n c e  t h e  cond i t i ons  were n e i t h e r  as c a r e f u l l y  c o n t r o l l e d  
nor  a s  e x p l i c i t .  
Much has  been w r i t t e n  about  t h e  proper  va lue  of t h e  exponent i n  
equat ion  (12) w i th  va r ious  au tho r s  u s ing  va lues  ranging from -1 t o  4. 
Figure  3 1  i s  included t o  show t h a t  a l i n e a r  p l o t  of 0 vs  . (c)-' can 
be  obtained wi th  t h e  same da ta .  The exac t  v a l u e  of t h e  exponent i s  
- 
n o t  a s  important  a s  t h e  break i n  t h e  a vs .  L r e l a t i o n .  Rack and Cohen 
have noted a similar t r a n s i t i o n  i n  heav i ly  drawn i r o n  as t h e  recovery 
temperature is  increased  124 1. 
The g r e a t e r  s t r eng then ing  e f f e c t i v e n e s s  of c e l l s  over subgra ins  
i n  t h e  s i z e  range I, < 0 . 4 ~  has  a l s o  been noted by Young and Sherby [ 4 1 
and is summarized i n  t h e  diagram reproduced i n  F igure  32. Th i s  
behavior  may be r a t i o n a l i z e d  i n  a q u a l i t a t i v e  way by accept ing  t h e  
subgra in  r eg ion  as a s t a g e  of recovery i n  which t h e  va r ious  cons t an t s  
of equat ion  (8) t akes  on d i f f e r e n t  va lues .  This  i s  equ iva l en t  t o  
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Figure 31. Hall-Petch P l o t  f o r  Pure Aluminum, A1-0.2Mg, A1-0.6Fe and an  
EC kluminunl. The Figure Inc ludes  the  Data f o r  Low Angle C e l l  
Boundaries Only 
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Figure 32. Schematic Representation of Strengthening Due to 
Grains and Cells. From Young and Sherby [4] 
saying  t h a t  t h e  s:Lip l eng th  i n  t ens ion  begins t o  depend i n  a  
d i f f e r e n t  way on t h e  "ce l l "  s i z e  produced i n  w i re  drawing. I n  
p a r t i c u l a r  t h e  boundaries  become more pene t r ab le  a s  t he  redundant 
d i s l o c a t i o n s  "clean up" i n  t h e  subgra in  region.  F igure  30 a l s o  
sugges ts  t h a t  t h e r e  is a l i m i t  t o  t h e  s t r eng then ing  a t t a i n a b l e  by 
c e l l  s i z e  ref inement  as p red ic t ed  by Thompson [ 7 1 , without  changing 
i ts  boundary cha rac t e r .  It is  s u b s t a n t i a t e d  by t h e  f a c t  t h a t ,  dur ing  
t h e  deformation, as t h e  rate of dynamic recovery i n c r e a s e s  t h e  redundant 
d i s l o c a t i o n s  are reduced which r e s u l t s  i n  t h e  formation of subgra ins .  
These subgra ins  a r e  r e l a t i v e l y  recovered s u b s t r u c t u r e  having sha rpe r  
boundaries  compared t o  c e l l s  whose boundaries  c o n s i s t  of tangled  
d i s l o c a t i o n s .  The subgra in  s t r u c t u r e  is l e s s  e f f e c t i v e  due t o  t h e  
presence of l a r g e r  source  l eng ths  i n  i t s  boundaries  [321 a s  i nd ica t ed  
by a lower s lope  f o r  < 0.45~ i n  F igure  30.  
The a n a l y s i s  appl ied  t o  t h i s  p o i n t  assumes a s t a t i s t i c a l  
d i s l o c a t i o n  d e n s i t y  produced by w i r e  drawing. It i n d i c a t e s  t h a t  minor 
a l l o y i n g  may a f f e c t  t h e  r e l a t i o n s h i p  between cel l  boundary spacing 
and s t r a i n  b u t  a s i n g l e  f u n c t i o n a l  r e l a t i o n s h i p  e x i s t s  between a and 
- 
L i n  t h e  range of 1 t o  0.45~. Beyond t h a t  p o i n t  t h e  boundaries  t a k e  
on a subgra in  c h a r a c t e r  and are less e f f e c t i v e  i n  s t r eng then ing  due 
t o  changes i n  source  l eng ths  i n  t h e  boundaries  [ 6 ] .  A t  s t i l l  h igher  
drawing s t r a i n s  dynamic low temperature r e c r y s t a l l i z a t i o n  (DLTR) 
begins  and t h e  s t : ructure e n t e r s  s t a g e  111. 
The r e l a t io r t sh ip  between m i c r o s t r u c t u r e  and flow stress i n  
s t a g e  I11 cannot be e a s i l y  t r e a t e d  a n a l y t i c a l l y .  A major d i f f i c u l t y  
i s  t h e  f a c t  t h a t  t h e  s t r u c t u r e  c o n s i s t s  of a mixture  of t h r e e  types 
of boundaries:  newly formed d i s l o c a t i o n  c e l l  boundaries;  recovered 
subgra in  boundaries ,  and r e c r y s t a l l i z e d  h igh  ang le  g r a i n  boundaries .  
The balance between work hardening,  dynamic recovery and DLT 
r e c r y s t a l l i z a t i o n  determines t h e  d i s t r i b u t i o n  of boundary cha rac t e r ,  
mi so r i en t a t ion  an.d s i z e .  E i t h e r  t h e  f low s t r e s s  o r  t h e  average 
11 c e l l "  s i z e  i n  t h i s  r eg ion  may i n c r e a s e ,  remain cons t an t  o r  decrease  
and the  two do n o t  bear  a  s imple r e l a t i o n s h i p  t o  one another  ( e .g . ,  
i n  A1-Mg, 0 and i n c r e a s e  toge the r  and i n  A1-Fe U decreases  whi le  
i nc reases ) .  A proper  a n a l y s i s  would r e q u i r e  d e t a i l e d  c e l l  mapping 
s i m i l a r  t o  t h a t  done by Langford and Cohen [151. 
A summary of t h e  r e l a t i o n s h i p  between f low stress and average 
"ce l l "  s i z e  f o r  t h e  d i f f e r e n t  a l l o y s  of t h i s  s tudy  a r e  shown i n  
F igure  33. The v a r i o u s  m i c r o s t r u c t u r a l  s tages- -ce l l s ,  subgra ins ,  
and DLT r e c r y s t a l l i z a t i o n  are i n d i c a t e d  on t h e  p l o t s .  The subgra in  
reg ion  i s  compressed i n  A 1  and A1-Mg b u t  ve ry  d i s t i n c t  i n  A1-Fe and 
EC-81. I n  a l l  t h e s e  a l l o y s  e i t h e r  t h e  s t r u c t u r e  o r  t h e  flow stress 
cont inues  t o  change up t o  s t r a i n s  of 5. Addi t iona l  d a t a  obtained on 
A 1  and A1-Fe t o  s t r a i n s  of 7 i nd ica t ed  t h a t  work hardening o r  so f t en ing  
w a s  approaching s a t u r a t i o n  as shown i n  F igure  3 4 .  Achievement of a 
t r u e  s teady  s t a t e  mic ros t ruc tu re  a t  t h i s  po in t  is  a  p o s s i b i l i t y  
al though d e t a i l e d  s t r u c t u r a l  a n a l y s i s  beyond E = 5 w a s  n o t  c a r r i e d  
out .  
The preceding a n a l y s i s  r e l a t e s  t h e  f low-s t ress  (0.2%) t o  a  
s t r u c t u r a l  parameter (?;) a t  a f ixed  w i r e  drawing s t r a i n .  An 
+ Cells 4 




Figure 33. Schematic Modified Hall-Petch Plot for (a) Pure 
Aluminum, (b) A1-0.214g, (c) Al-O.6Fe and (d) 
EC Aluminum 
I A1-0.6Fe Alloy 
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a l t e r n a t i v e  approach i s  t o  examine t h e  form of t h e  t e n s i l e  0 v s .  t 
curve a t  a f i x e d  mic ros t ruc tu re .  Consider f i r s t  s t a g e  11, combining 
equat ions  (12) and (13) which g ives  
S ince  C i s  t h e  r a t i o  of t he  f i n a l  c e l l  s i z e  (as  t e n s i l e  E +- m) t o  3 
t h e  i n i t i a l  c e l l  s i z e  (produced by w i r e  d rawing-charac te r i s t ic  of 
t h e  t e n s i l e  sample of E = o) i t  can be  considered a s  very  smal l  and 
t h e  c e l l  s i z e  produced by t e n s i l e  s t r a i n  could i n  p r i n c i p l e  be very  
low i f  DLTR d i d  no t  i n t e r c e d e  and t h e  t e r m  C2 C3 E" can be dropped 
out .  This  g ives  
The f i r s t  tern1 is  t h e  l a t t i c e  f r i c t i o n  stress and i s  independent 
of s t r a i n  and s t r u c t u r a l  parameters.  The second term depends on c e l l  
s i z e  bu t  n o t  on E whi le  t h e  t h i r d  term depends on both.  It should be 
noted t h a t  equat ion  (15) is a gene ra l i zed  form of Ludwik equat ion  
[65, 681, b u t  has  been der ived  f o r  t h e  c a s e  of subgra in  s t r u c t u r e s  
he re .  If i t  is  assumed t h a t  t h e  f i r s t  and second terms a r e  smal l  i n  
comparison t o  t h e  t h i r d  term, a s imp les t  form t h a t  can be der ived  is  
t h e  fol lowing equat ion ,  i.e., 
where 
n This approach of fitting the a = K E  curve to equation (16) has 
been taken by Cains et al. [9]  to relate the variations of K and n 4 
to microstructural changes in heavily rolled Cu. Equation (16) is 
an approximation since the neglected terms of equation (15) are 
sizable and structure dependent. Nonetheless it predicts that a fit 
of the various tensile stress-strain curves to the Hollomon equation 
should give K values which vary inversely with x. The variation of 4 
K with 1 has been discussed individually for the different alloys in 
previous sections. In general K and do vary inversely in stage I1 
as predicted, whi:Le n remained structurally insensitive. The variation 
of K with E and is reproduced by 81-0.6Fe alloy in Figure 35 with 
various microstructural regions designated. The inverse relation 
between K and in cell refinement region is understandable from the 
proceding derivation. But the derivation also suggests that the 
transition from "cells" to "subgrain" should be indicated by a break 
in the curve for K vs. E-l (since the constants C and C change with 1 3 
the character of the cell boundary). Thus it appears that K is not 
structurally sensitive enough to show a big effect of the break in 
the transition from "cells" to "subgrains." The variation of K with 
- 
L in DLTR region therefore does not lend itself to an easy analysis. 
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Figure 35. Variation of K with (a) True Wire Drawing Strain and 
(b) the Inverse of the Cell Size. The Figure Shows 
the Various Microstructural Regions 
CHAPTER V 
CONCLUSIONS 
Dilute conductor grade aluminum alloys show the following 
strength and microstructural characteristics during wire drawing 
at room temperature: 
1. Changes in either strength levels or microstructures 
continue to take place to strains as high as E = 5 without the 
achievement of a dynamic steady state. Rapid hardening occurs 
up to E = 0.5 foll.owed by a decreasing hardening rate and either 
linear hardening or eventual work softening. Pure aluminum, 
Al-0.2Mg alloy and EC aluminum harden linearly with modulii of' 
1.0, 2.28 and 2.16 KSI respectively. In A1-O.6Fe work softening 
occurs between 2.3< € ( 4 . 9 5 .  There are indications of a steady 
state flow stress approaching at approximately E > 7 in pure - 
aluminum and A1-O.6Fe alloy. 
2. Microstructural changes occur in the following sequence 
with increasing strain: dislocation multiplication+cell size 
refinement+subgrain formation+dynamic low temperature 
recrystallization (DLTR). Cell or subgrain structures are 
characterized by low angle boundaries (<lo0) while DLTR structures 
are characterized by high angle boundaries. The cell and subgrain 
structures are differentiated by the character of their boundaries 
(source lengths being longer in subgrain). This behavior differs 
from that at high temperatures when a steady state low angle 
subgrain structure occurs at moderate strains and dynamic 
recrystallization is not observed. The DLTR structure differs 
from that produced. by static recrystallization in that it is 
much finer (grain sizes less than 0.5~) and evolves more uniformly 
without distinct nucleii. A simple <Ill> texture develops 
and sharpens to the highest measured strains in all the alloys 
studied. 
3. Small amounts of Mg and Fe promote the onset of cell 
formation. The subgrains region is quite small in p,ure dluminum 
and A1-0.2Mg alloy but is extended and made more distinct by the 
presence of Fe. Cells occur in the size range of 1 to 0.45 and 
subgrains from 0.45 to 0.25 . 
4. Two distinct modified Hall-Petch relations are required 
for the cell and subgrain structures. In each region the flow 
stress and average cell size may be related by 
where m = 1 or%. Value of k is much smaller for the subgrains 
indicating that they are less effective as strengthening barriers. 
In the cell structure region all four materials can be fit to 
- -1 
a common (L) plot indicating that small additions of soluble 
an insoluble additions to aluminum may affect the rate of cell 
formation and refinement, but not the relationship between 
subs t ruc tu re  and s t r e n g t h .  Knowledge of t h e  s t a t i s t i c a l  
mi so r i en ta t ion  of t h e  subgra ins  is  necessary t o  eva lua te  t h e  
s t rengthening  i n  DLTR region .  
5 .  When t h e  complete t e n s i l e  s t r e s s - s t r a i n  curves a t  
va r ious  w i r e  drawing i n t e r v a l s  are f i t  t o  t h e  Hollomon equat ion,  
n  
a = E , K is  found t o  vary i n v e r s l y  wi th  t h e  average e f f e c t i v e  
"cell" s i z e  even i n  t h e  DLTR region .  No d i s t i n c t  breaks are 
seen i n  t h e  v a r i a t i o n  of L with  K. Values of n vary between 
0.05 t o  0.20 and does not vary sys t ema t i ca l ly  wi th  s t r u c t u r e .  
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